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Definitions, units and decay properties 
 
Definitions 
Accuracy: Closeness of the samples true content of a specific analyte with the average result from 
several measurements. 
Confidence interval: Interval estimate combined with a probability statement. 
Half-life (t1/2): Time taken for the radioactivity of a specified isotope to fall to half its original value. 
Limit of detection (LOD): Estimation of a minimum activity or concentration that can be measured 
with a specific level of confidence. 
Mean (ẋ or µ): Sum of individual measurement divided by number of measurements. 
Precision: Measure of the degree of repeatability for a test or measurement method under normal 
conditions. 
Robustness: Measure of the sensitivity of an analytical method in the presence of minor deviations in 
the experimental conditions of the method. 
Secular equilibrium: Situation in which the quantity of a radioactive isotope remains constant 
because its production rate is equal to its decay rate. 
Standard deviation (SD or σ): Measure used to quantify the variation or dispersion of a set of data 
values. 
 
Main radiation units 
Becquerel (Bq): unit of activity equal to 1disintegration.s-1 
Sievert (Sv): unit of effective dose E equal to 1 J.kg-1 
Prefix multipliers: Giga (G) = 109, Mega (M) = 106, kilo (k) = 103, milli (m) = 10-3, micro (µ) = 10-6 
 
Decay properties of radioisotopes of interest  
Nuclide Energy (keV) Half-life (t1/2) Type of radiation detected Abundance (%) 
209Po 4,979 115 y α 100 
210Po 5,305 138.4 d α 100 
210Pb 46.5 22.2 y γ 4 
214Bi 609 20 min γ 46.1 
214Pb 352 27 min γ 37.6 
223Ra 5,780 11.43 d α 93.5 
226Ra 
4,782 
1602 y 
α 95 
186 γ 4 
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Abstract 
 
Most of the materials found on the Earth’s surface, such as iron ores and all other materials 
entering the integrated steel-making process, contain measurable amounts of natural 
radioactivity mainly due to the presence of uranium-238 (238U), thorium-232 (232Th) and their 
respective daughter decay products. Some materials after being processed can present a 
relatively high concentration of natural radionuclides. These materials are defined as 
Naturally Occurring Radioactive Materials (NORM). Since 2010, in the United Kingdom, 
industries producing NORM are subject to a new permitting regime. The current regime is 
named Environmental Permitting Regulations 2010 (EPR 2010), recently amended and 
replaced by EPR2016 and is directly derived from the European Directive EURATOM 1996, 
itself reviewed in 2013 and replaces the previous exemption limits defined in the previous 
regime Radioactive Substances Act 1993 (RSA93). As a result, the steel industry is now 
potentially producing materials above the new exemption levels to dispose of and therefore 
has a new environmental duty to accurately determine the radioactivity content of a wide 
range of iron- and steel-making materials used on site within the processes and/or sold off to 
third parties. In the steel industry, the main isotopes of concern are polonium-210 (210Po) and 
lead-210 (210Pb), which concentrate in the waste off-gas dusts from the iron ore sintering and 
blast furnaces processes, and radium-226 (226Ra) which can be found in slag materials from 
the blast furnace process. NORM can also result in potential exposure of the workforce to 
radioactive substances, mainly in workplaces where NORM are handled, stockpiled or 
processed. The UK steel industry has a duty of care to protect the workers and assess the 
potential occupational exposure to natural radioactivity in its workplaces in accordance with 
the Ionising Radiations Regulations 1999 (IRR99), recently replaced by IRR17 since 1st 
January 2018. 
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Overview 
 
Chapter I provides the readers some general information about natural radioactivity and 
NORM. It is also a literature review of research work undertaken in the fields of NORM 
characterisation as well as environmental and occupational impact assessment in the industrial 
NORM sector. Finally, it describes the main iron- and steel-making processes and defines the 
main aim and objectives of the project. 
 
Chapter II is a general review of sampling, analytical and radioanalytical techniques available 
for measuring the relevant elements or radioelements of interest for this project. Also, it 
details the novel methodologies developed in this project as well as the approaches used to 
validate all analytical results. 
 
Chapter III is the compilation of all characterisation and validation results obtained during this 
project. It provides a sound basis for the modelling studies and the occupational monitoring 
surveys presented in the two following chapters. 
 
Chapter IV presents compartmental modelling studies which were undertaken to better 
understand the fate of 238U, 226Ra, 210Pb and 210Po in the integrated steel-making route, 
focusing on the iron ore sintering and blast furnace processes but also in the cement industry 
which reuses NORM waste generated from the blast furnaces. Also, it investigates the 
potential sources of discrepancy observed during the past years between measurements and 
predictions of stack 210Pb and 210Po releases from the two UK sinter plants. 
 
Chapter V presents and discusses the results from monitoring campaigns undertaken at the 
most critical workplaces where potential overexposure to NORM could occur in a typical 
integrated steelworks. The information from the previous chapters helped in identifying those 
areas.  
 
Chapter VI suggests potential routes for future research studies which could be beneficial for 
the iron and steel industry along with other industrial NORM activities and the building 
industry. 
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Chapter I Introduction  
 
1.1 Rationale 
 
Most of the materials found in the Earth’s crust contain measurable amounts of natural 
radioactivity owing to the presence of uranium and thorium and their daughter decay products 
and can affect many industries such as the China clay, titanium oxide or metal ore processing 
industries. Some materials produced in the integrated iron- and steel-making route can present 
relatively high concentrations of natural radionuclides from the uranium-238 (238U) decay 
chain and are known as naturally occurring radioactive materials (NORM). Since 2010, in the 
United Kingdom, NORM industries are subject to new legal conditions, currently named 
Environmental Permitting Regulations 2016 (EPR 2016) in England and Wales and 
Radioactive Substances Act 1993 (RSA93) in Scotland and Northern Ireland, for disposal and 
accumulation of radioactive substances. NORM industries also have a duty of care to protect 
their workforce and assess their potential occupational exposure to natural radioactivity where 
NORM are handled, accumulated or processed in accordance with the UK Ionising Radiations 
Regulations 1999 (IRR99). 
 
1.2 Background 
 
1.2.1 Natural radioactivity in the environment 
 
Radioactivity was discovered by Henri Becquerel in 1896, who studied the radiation emitted 
by uranium minerals.1 Two years later similar properties were discovered for thorium by 
Marie Curie.2 Marie Curie found differences in the radioactivity of uranium and uranium 
minerals and concluded that the minerals must still contain other radioactive elements. 
Together with her husband, Pierre Curie, she discovered polonium and radium in 1898.3 
 
Radioactive substances are derived from two sources; natural and anthropogenic. In nuclear 
power stations artificial radionuclides, mainly fission products and transuranium elements, are 
produced. Due to nuclear weapon tests and nuclear accidents, considerable amounts of fission 
products have been released into the atmosphere as a radioactive fall-out over large areas 
particularly in the northern hemisphere. Radioactive substances are found in the atmosphere, 
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but higher levels are present in the lithosphere. The ores of uranium and thorium are the most 
substantial, but potassium salts also contribute to natural radioactivity. Since the creation of 
the Earth, these decaying radionuclides have been essential in warming the planet.4 Uranium 
and thorium are relatively common elements in nature with abundances averaging at 1.8 and 6 
ppm respectively.5 High concentrations of uranium are found in granite. Some minerals 
containing uranium and thorium and their major deposits are listed in Table I.1. The most 
important uranium mineral is pitchblende (UO2). The naturally occurring isotopes of uranium 
are uranium-238 (238U; 99.27 %), uranium-235 (235U; 0.72 %) and uranium-234 (234U; 0.006 
%) by mass.6 The mass isotope ratio of 238U to 235U in the earth’s crust is constant at 137.5 ± 
0.5.7 
 
Table I.1. Examples of naturally occurring uranium and thorium minerals6 
Mineral  Composition 
Conc. of U Conc. of Th 
Deposits (%) (%) 
Pitchblende UO2 60 - 90  
Bohemia, Congo, 
Colorado (USA) 
Becquerelite 2 UO3.3H2O 74  Bavaria, Congo 
Uraninite  65 - 75 0.5 - 10 Japan, USA, Canada 
Broeggerite UO2.UO2 48 - 75 6 - 12 Norway 
Cleveite  48 - 66 3.5 - 4.5 Norway, Japan, Texas 
Carnotite  K(UO2)VO4.nH2O 45  
USA, Congo, Russia, 
Australia 
Kasolite PbO.UO3.SiO2.H2O 40  Congo 
Liebigite 
Carbonates of U and 
Ca 
30  Austria, Russia 
Thorianite (Th, U)O2 4 - 28 60 - 90 Sri Lanka, Madagascar 
Thorite ThSiO4.H2O 1 - 19 40 -70 Norway, USA 
Monazite 
Phosphates of Th 
and Rare Earths 
 0.1 - 15 
Brazil, India, Russia, 
Norway, Madagascar 
 
They are about 80 natural radionuclides existing in measurable amounts in the environment.8 
Primordial radionuclides, such as potassium-40 (40K), thorium-232 (232Th), 235U and 238U, 
have been produced over the course of the nucleogenesis and have been present on earth since 
its creation and are not being reproduced but, due to their long half-lives, they are not yet 
completely decayed. There are four natural decay chains originating from 238U, 235U, 232Th 
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and neptunium-237 (237Np) and these contain 45 natural radionuclides in total. A decay chain 
comprises a systematic sequence of alpha and beta decay processes. The neptunium chain 
finishes with the stable bismuth-209 (209Bi), the other three with stable lead isotopes. 
However, the radionuclides of the natural neptunium decay chain have already decayed, since 
the half-life of the longest-lived radionuclide 237Np is 2.1 * 106 years, which is short 
compared to the age of the solar system (4.5 * 109 years). Cosmogenic radionuclides are 
produced by nuclear reactions in the atmosphere, by cosmic radiation and at the surface of the 
lithosphere. They can reach the lower layers of the atmosphere by sedimentation, where they 
merge into the biosphere (for example, beryllium-7 (7Be) and carbon-14 (14C)). In places, 
where a neutron flux is present, nuclear reactions can occur to produce radionuclides. For 
example, 237Np is reproduced in uranium deposits in small amounts by the following reaction: 
238U (n, 2n) 237U → 237Np. 
 
1.2.2 238U and 232Th decay series 
 
Uranium-238 has a half-life (t1/2) of 4.468 x 109 years and decays to stable lead-206 (206Pb) 
through a series of intermediate decay products presenting diverse radiological properties as 
can be seen in Figure I.1. Indeed several alpha (α) and beta (β) decays take place subsequently 
to produce radium-226 (226Ra; t1/2: 1600 years), radon-222 (222Rn; t1/2: 3.8 days) and several 
lead, bismuth and polonium isotopes, such as lead-210 (210Pb; t1/2: 22.2 years), bismuth-210 
(210Bi; t1/2: 5 days) and polonium-210 (210Po; t1/2: 138.38 days). Alpha particles comprise two 
protons and two neutrons and are identical to the helium nucleus. The α-decay process is 
dominant for elements with Z > 82.9 It is illustrated in Equation A: 
 
Eq. A 
 
As particles are heavy and doubly positively charged, they lose energy very quickly in matter. 
They can be blocked by a sheet of paper or the surface layer of human skin. α particles are 
deemed to be hazardous to a person’s health only if they are inhaled or ingested. Beta-decay is 
the emission of positive or negative electrons from nuclei. This process changes the atomic 
number Z by ± 1. The β particles are much smaller and only have one charge which results in 
their slower interaction with material. Essentially, they are stopped by thin layers of plastic 
and are also considered hazardous if inhaled or ingested. An α- or β-decay process may leave 
the product nucleus either in its ground state or more frequently in an excited state. A nucleus 
X          Y +  αZ              Z-2          2
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in an excited state may lose its excitation energy and return to the ground state in a variety of 
ways. The most common transition is by the emission of electromagnetic radiation, also 
called gamma (γ) radiation. Gamma rays have a frequency determined by their energy, which 
ranges between 10 keV and 7 MeV. The gamma emission is characterised by its energy and 
does not affect Z as with α and β decay. In general γ emitters are associated with α or β decay, 
and the γ rays are best shielded by thick layers of lead or other dense materials since they pose 
an external hazard to living tissues.10 
 
Figure I.1. The 238U decay chain11 
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The decay chain segment starting from 226Ra is radiologically the most important owing to its 
physical and chemical properties. Indeed, in many industrial processes, 226Ra and its daughter 
products are susceptible to being thermally altered, evaporated and concentrated.12 The 232Th 
decay chain also ends with a stable lead isotope and contains natural radiotoxic elements such 
as radium-228 (228Ra; t1/2: 5.8 years), radon-220 (220Rn; t1/2: 56 seconds) and lead-212 (212Pb; 
t1/2: 11 hours). The decay chain is displayed in Figure I.2. 
 
Figure I.2. The 232Th decay chain11 
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1.2.3 Industrial Naturally Occurring Radioactive Material 
 
The acronym NORM is used to describe naturally occurring radioactive materials. The 
International Atomic Energy Agency (IAEA) defines NORM as radioactive materials, 
designated in national law or by a regulatory body as being subject to regulatory control 
because of their radioactivity, containing no significant amounts of radionuclides other than 
naturally occurring radionuclides.13 They include all processed materials, mining residues and 
some military wastes.14 A large variety of industries is affected by the presence of NORM. In 
fact, almost every industry with a large turnover of natural materials has some issues with 
NORM. Industrial processes change the normal condition either unintentionally, for example 
in the extraction of oil and gas, or deliberately for example in situ for processing mineral ores. 
In the UK, the current sectors producing the largest quantities of solid NORM waste are the 
titanium dioxide, steel and oil and gas industries. More than half of the solid NORM waste 
generated by the oil and gas sector is disposed of into the sea. The steel industry does not 
dispose of its NORM waste arisings as they are in demand as inputs to other industrial 
processes such as in the cement sector.15 Moreover, different mineralogical forms of 
radioisotopes from similar industrial activities can be observed. For example, the production 
of oil and gas from off-shore or on-shore platforms generates different types of mineral 
residual scales in the pipelines. Barite-celestite (Ba-SrSO4) scales associated with carbonates 
and iron oxy-hydroxides are found in scales from the northern part of the North Sea and are 
mainly enriched in radium isotopes (226Ra and 228Ra) with activity concentrations ranging 
from 10 to 20 Bq/g. Scales from the southern part of the North Sea are richer in lead mineral 
forms such as litharge (PbO) or galena (PbS) and therefore present higher 210Pb activity 
concentrations ranging from 10 Bq/g to several kBq/g.14 The issue with NORM is more acute 
in the titanium, tin and niobium industries owing to the naturally high uranium and/or thorium 
contents in the raw materials.16 The production of kaolinite, also known as China clay also 
involves the use of several non-metalliferrous mineral ores and generates NORM in the form 
of barite scale with relatively high concentrations of 226Ra and 228Ra which can reach up to 10 
kBq/g.17 The following tables (Tables I.2 and I.3) summarise the concentrations of 
radionuclides in different natural materials and summarise concentrations of radionuclides in 
natural resources which can result in NORM concentrations when processed.18,19 
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Table I.2. Summary of activity concentrations of natural radionuclides in major rock types and soil18 
Rock type 
40K 232Th 238U 
Total K (%) Bq/kg ppm Bq/kg ppm Bq/kg 
Igneous rocks       
Basalt 
0.8 300 3 - 4 10 -15 0.5 - 1 7 -10 
(crustal average) 
Mafic 0.3 -1.1 70 - 400 1.6, 2.7 7, 10 0.5, 0.9 7, 10 
Salic 4.5 1100 - 1500 16, 20 60, 83 3.9, 4.7 50, 60 
Granite 
(crustal average) 
> 4 > 1000 17 70 3 40 
Sedimentary rocks       
Shale, 
sandstones 
2,7 800 12 50 3.7 40 
Clean Quartz < 1 < 300 < 2 < 8 < 1 < 10 
Dirty Quartz 2? 400? 3 - 6? 10 - 25? 2 - 3? 40? 
Arkose 2 - 3 600 - 900 2? < 8 1 - 2? 10 - 25 
Beach sands 
(unconsolidated) 
< 1 < 300? 6 25 3 40 
Carbonate rocks 0.3 70 2 8 2 25 
Continental 
upper crust 
(average) 
2.8 850 10.7 44 2.8 36 
Soils 1.5 400 9 37 1 - 8 66 
Note: Question marks indicate estimates in the absence of measured values. 
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Table I.3. Naturally occurring radionuclides in mineral resources19 
Element / mineral Source Radioactivity 
Aluminium 
Ore 250 Bq/kg U 
Bauxitic limestone, soil 100 - 400 Bq/kg Ra 
Bauxitic limestone, soil 30 - 130 Bq/kg Th 
Tailings 70 - 100 Bq/kg Ra 
Copper 
Ore 30 - 100,000 Bq/kg U 
Ore 20 - 110 Bq/kg Th 
Fluorspar 
Mineral Uranium series 
Tailings 4000 Bq/kg Ra 
Molybdenum Tailings Uranium series 
Monazite Sands 
6000 - 20,000 Bq/kg U 
Thorium series (4% by weight) 
Natural gas 
Gas, average for groups 
of US and Canadian wells 
2 - 17,000 Bq/m3 Rn 
Gas, individual US and 
Canadian wells 
0.4 - 54,000 Bq/m3 Rn 
Scale, residue in pumps, 
vessels and residual gas 
pipelines 
100 - 50,000 Bq/kg 210Pb / 210Po 
Oil 
Brines or produced water Ranging from mBq to 100 Bq/l Ra 
Sludges 
(scales) 
Ranging up to 70,000 Bq/kg Ra 
Typically 103 - 104 Bq/kg, ranging 
up to 4.106 Bq/kg Ra 
Phosphate 
Ore 100 - 4,000 Bq/kg Unatural 
Ore 15 - 150 Bq/kg Thnatural 
Ore 600 - 3,000 Bq/kg Ra 
Potash 
 Thorium series 
 
40K 
Rare earths 
 Uranium series 
 Thorium series 
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Table I.3. Cont.19 
Element / mineral Source Radioactivity 
Tantalum / niobium 
 Uranium series 
 Thorium series 
Tin Ore and slag 1000 - 2000 Bq/kg Ra 
Titanium 
Ore (Rutile)  
Ore (Ilmenite) 
30 - 750 Bq/kg U 
35 - 750 Bq/kg Th 
Uranium 
Ore 15,000 Bq/kg Ra 
Slimes 105 Bq/kg Ra 
Tailings 10,000 - 20,000 Bq/kg Ra 
Zinc Ore 
Uranium series 
Thorium series 
Zirconium (zircon) 
 4,000 Bq/kg U 
Sands 600 Bq/kg Th 
 4,000 - 7,000 Bq/g Ra 
 
The combustion of fossil fuels and the use of phosphate rock also contribute to radioactive 
emissions. The release of some radionuclides in air and water from mineral processing 
installations are listed in Table I.4.20 The production of elementary phosphorus and 
phosphoric acid were described as one of the main sources of NORM releases to air and 
water. Several contamination studies were also carried out to define the environmental impact 
of accumulating solid waste material from the production of elementary phosphorus and 
phosphoric acid in its local environments.21,22,23 It should be noted that the NORM problem is 
often accompanied by elevated concentrations of chemotoxic substances such as heavy metals 
or organic compounds.  
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Table I.4. Annual release of radionuclides from typical installation of mineral processing industries20 
Industry Ore through-put 
(kt. y-1) 
Annual release to air (GBq) Annual release to water (GBq) 
226Ra 222Rn 210Pb 210Po 226Ra 222Rn 210Pb 210Po 
Elementary phosphorus 570 - 563 66 490 - - 24 166 
Phosphoric acid 700 0.09 820 - - 737 - 654 997 
Fertilizer plant 375 - 221 - - - - 0.054 0.057 
Iron and steel production 7500 - 180 55 90 - - 0.51 8 
Coal-fired power plants  
(600 MWe) 
1350 0.11 34 0.4 0.8 - - - - 
Cement industry 2000 0.2 157 0.2 78 - - - - 
Mineral sands handling 183a 0.73 0.73 0.73 0.73 0.066 0.066 0.066 0.066 
Titanium-pigment 50 0.001 6.2 0.001 0.001 0.002 0.002 0.003 0.002 
Gas-fired power plant 
(400 MWe) 
600b - 230 - - - - - - 
Oil extraction 3500 - 540 - - 174 174 174 174 
Gas extraction 72000b - 500 - - 32 32 32 32 
 
aZirconium 
 b106 m3.a-1 
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Since the 1990s, it has been recognised that the two natural radioisotopes from the 238U decay 
series, 210Pb and 210Po, originally present in trace amounts in raw materials, volatilise and 
concentrate in the form of dusts. For example, the temperatures reached during the iron ore 
sintering process disturbs the secular equilibrium established by the raw materials (see 
1.4.1.2) and thus sinter plant off-gas dusts are enriched in 210Po and 210Pb. Due to the high 
temperature present in the blast furnaces, both nuclides also concentrate in the dust particles 
carried by the blast furnace gas (see 1.4.1.4). However 210Pb in blast furnace dust is higher 
than 210Po because the latter radionuclide has, to a large extent, been removed more 
significantly in the iron ore sintering process due to its lower boiling point.24,25,26,27,28 Solid 
dusts and sludges from other metal industries can concentrate these two radioisotopes more 
significantly. For example, dusts and sludges from the tin industry can contain up to 200 Bq/g 
of 210Pb and 210Po and it can reach up to 1 kBq/g of 210Pb and 210Po in the niobium industry.29 
 
In 1996, as part of an internal study looking into releases of pollutants from its processes, the 
UK iron and steel industry reported to the Environment Agency (EA) that 210Pb and 210Po 
were present in airborne emissions from its sinter plants and it became clear that the emissions 
of these two radionuclides needed to be authorised. Additional studies also showed that 
radioactivity emissions from UK iron ore sintering plants had increased since 2002 owing to 
the use of iron ores exhibiting significantly higher natural radioactivity contents than the iron 
ores used at the time of the first authorisation application.30 In 2007, discussions were 
initiated with the EA of England and Wales to increase the emission limits for 210Po and 210Pb 
at UK sinter plants. To support this application, modelling work was carried out to estimate 
the 210Po and 210Pb activities that might occur in the future and to predict the dispersion and 
deposition of the radioactivity released from the sinter plant main stacks.31 The dispersion 
modelling results were used by Health Protection Agency (HPA), now called Public Health 
England (PHE), to carry out impact assessments as required by the EA of England and Wales. 
New authorisations were received in early December 2008 and the corresponding new stack 
emission limits became valid from January 2009, retrospectively. Both the earlier and the 
revised limits are summarised in Table I.5 and expressed in GBq per annum.  
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Table I.5. 210Po and 210Pb emission limits issued in 200832 
Sinter Plant 
210Po 
GBq/annum 
(Previous 2009) 
210Po 
GBq/annum 
(Current) 
210Pb 
GBq/annum 
(Previous 2009) 
210Pb 
GBq/annum 
(Current) 
A 52.7 90 29.1 40 
B 54 185 30 160 
C 36.4 150 20 100 
 
In order to maintain these authorisations, some improvement conditions from the EA of 
England and Wales were imposed and required: (i) the demonstration that the sampling and 
analytical methods used to monitor for 210Po and 210Pb at UK sinter plant stacks were fit-for-
purpose, (ii) the frequency and accuracy of measurements were adequate, (iii) the 
demonstration that radioactive wastes from UK sinter plants are managed using best 
practicable means.32,33 The UK iron and steel industry decided to develop its own expertise to 
support these two conditions and state-of-the-art sampling and radioanalytical methodologies 
for the analysis of 210Po and 210Pb in emission and steel-making materials were developed, 
validated and accredited following the requirements of the International Standard 
Organisation (ISO) 17025.34,35 Prediction models were developed to calculate annual 
emissions against measurements made at the main sinter plant stacks which are presented in 
Figures I.3 and I.4. These improvement conditions were accepted by the EA and recognised 
as best practical means. These models are currently used to calculate the annual 210Po and 
210Pb releases from the two remaining integrated steel-making sites in activity in the UK and 
are verified every year with actual measurements for stack and raw materials. 
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Figure I.3. 210Po emissions at UK sinter plants as a function of the calculated 210Po input in the raw 
mix32 
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Figure I.4. 210Pb emissions at UK sinter plants as a function of the calculated 210Pb input in the raw 
mix32 
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1.2.4 Health issues from exposure to industrial NORM 
 
Natural radionuclides can concentrate in industrial NORM to levels that cannot be 
disregarded for health and safety reasons and this is now reflected in the national legislation 
of many countries.36 Health effects of radiation on man were first recognised soon after the 
discovery of X-rays in 1895. By 1897, skin burns were reported and by 1911 about 100 cases 
of cancer in early X-ray technicians had occurred.9 Radiation damages cells, the basis of all 
organs and tissues in the body. The mechanism is either physical whereby important 
molecules in the cell are ionised directly or chemical whereby water molecules are split to 
form radicals which then attack the critical molecules. Radiation can kill the cell nucleus 
which contains DNA genetic code arranged on chromosomes. Damage to chromosomes can 
prevent cells dividing and can also lead to chromosomal rearrangements. Effects on health 
can be divided into two types: stochastic and deterministic effects. The potential stochastic 
health effects of radiation in humans are induced by low doses or low dose-rate exposure and 
include cancer, genetic disease and degenerative changes. The most important target tissues 
for cancer induction and degenerative changes are the respiratory tract, bone, liver and the 
reticulo-endothelium system. Deterministic effects exist, such as acute radiation sickness and 
burns, for which there is a demonstrable threshold dose for clinical damage. In the context of 
exposure to industrial NORM, deterministic effects are very unlikely to be induced.37  
 
The radiological impact of industrial NORM on humans depends strongly on the process 
which produces the NORM and the pathways by which it is transferred from the source to 
humans. These pathways tend to be direct, and usually result in external exposure to gamma 
radiation, or internal exposure resulting from inhalation of radioactive dust or radon progeny. 
The radiological impact from external exposure can be assessed by direct calculation if the 
source terms are known or can be measured. On-site external exposures in industrial or 
mining situations can be due to the presence of NORM in stockpiles and storage tanks, and 
can also be caused by the build-up of surface contamination on equipment, pipes and storage 
tanks.4 The problem associated with the build-up of NORM scales in the oil industry is well 
known and documented.10,38 
 
The radiological impact of internal exposures is usually assessed by means of direct 
measurement of body burden, by the use of faecal or urine analysis or by using estimated 
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intakes and sophisticated models which simulate the behaviour of radionuclides in vivo.39 In 
most radiological assessment studies undertaken in the industrial mining and processing 
sector, occupational doses are calculated using exposure scenarios and conservative parameter 
values.40,41,42  Little radiological information is available for the UK iron ore processing and 
smelting sites. Nevertheless, in 2003, HPA published a report on the radiological impact of 
NORM in the UK iron and steel industry. This report considered a range of scenarios of 
exposure, including the exposures of the public and in several steel-making workplaces but 
excluding workers at the iron ore sintering plants despite enhanced levels of 210Pb and 210Po 
being found in dusts generated during the iron ore sintering process.43,44 The list of exposure 
scenarios is presented in Table I.6.  
 
Table I.6. List of exposure scenarios investigated by HPA in 200343 
Releases to atmosphere via the stack and from slurry lagoons and slag heaps 
Members of the public 
Doses to individuals living in the vicinity of the steel works 
Collective dose to UK population from all steel production works in the UK 
Landfill disposal of waste 
Members of the public 
Individual risks to typical members of hypothetical critical group 
Collection doses from migration scenario 
Workers 
Individual doses to landfill workers 
Steel plant workers 
Individual doses to workers at the blast furnace 
Individual doses to workers at lagoons 
Individual doses to workers exposed to slag 
Recycled slag 
Members of the public 
Individual doses from use of a car park surfaced using materials containing slag 
Individual doses to children playing on a tarmac area surfaced using slag based materials 
Individual doses to children playing on waste ground surfaced with slag (dusty environment) 
Individual doses to an individual living in a house constructed from materials containing slag 
Workers 
Individual doses to workers manufacturing slag products 
Individual doses to construction workers using slag products 
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Annual dose levels of a few tens of microSieverts (µSv) were generally estimated in all 
situations studied in this report. Annual individual doses due to atmospheric releases from all 
UK integrated steelmaking plants were found to be below 10 µSv. Similar results were found 
in a study carried out in the Netherlands.45 In this report, it was also estimated that doses to 
workers at the blast furnace were of the same order of magnitude. The environmental and 
public impact from sinter plant emissions was fully investigated. As slag material from blast 
furnaces can concentrate 226Ra and is widely used for making building materials and roads, 
investigations were also made to define its potential additional radiological input in 
comparison to slag-free materials. In the report published by HPA in 2003, it was found to be 
on the same order of magnitude as the other exposure scenario described above. Several 
studies were also carried out to look at the radiological effect when recycling other industrial 
by-products such as phosphogypsum and coal fly ash in building and road materials, which 
can also contain enhanced levels of natural radioactivity.12,46,47 
 
1.3 Regulations 
 
The first international body to monitor standards emerged from the international congress of 
radiology in 1928 and was titled International Committee on X-Ray and Radium Protection. 
After the Second World War the committee was reconstituted in 1950 under its current name 
the International Commission on Radiological Protection (ICRP). Recommendations from the 
ICRP on basic standards for radiological protection have been accepted as the basis for 
national legislation all around the world. The standards have enabled mankind to improve its 
knowledge of the effects from ionising radiation and in radioprotection. In its work, the 
commission is assisted by several committees and working groups which look into specific 
subjects of concern and their potential practical implementations.  
 
The development of nuclear reactors and the increase of nuclear weapons testing in the 
second half of the twentieth century gave rise to a vast increase in the number of 
radionuclides in the environment. These events led to the creation of other international 
organisations with an interest in radiation. The most important are the United Nations 
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) and the International 
Atomic Energy Agency (IAEA). UNSCEAR reviews the sources, extent and effects of 
exposure to ionising radiations and provides data to ICRP, whereas IAEA develops practical 
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standards. IAEA is also the direct international reference and support for many national 
legislative frameworks around the world except in Europe and the United States of America 
(USA). In the USA, the National Council on Radiation Protection and Measurements (NCRP) 
formulates and disseminates information, guidance and recommendations on radiation 
protection and measurements. Its recommendations are however based on ICRP 
recommendations originally. Although ICRP is a non-governmental scientific organisation its 
recommendations have been incorporated into European law. 
 
1.3.1 The European Union Basic Safety Standards 
 
The European Union (EU) has its own set of regulations relating to radioactive materials from 
Basic Safety Standards (BSS), originating from the Euratom Directive 2013 
(2013/59/Euratom).48 It incorporates the latest recommendations from ICRP publication 103, 
harmonises the EU regime with the latest interim IAEA BSS and introduces a specific 
requirement system for protecting the Environment.49,50 All members of the European Union 
will have to comply with the requirements of the Euratom Directive on Radiation Protection 
by 6th February 2018. Its scope concerns “all practices which involve a risk from ionising 
radiation from an artificial source or from a natural radiation source in cases where natural 
radionuclides are or have been processed for their fissile or fertile properties”. Each Member 
State is therefore required to identify work activities involving exposure to natural radiation 
sources that may be of concern from a radiological protection point of view and to apply the 
requirements of the Directive to those identified activities.  
 
1.3.2 The Ionising Radiations Regulations 1999 
 
The Ionising Radiations Regulations 1999 (IRR99) came into effect in the UK on the 1st 
January 2000 and cover three different categories of work: practices, work in radon 
atmosphere and work with any radioactive substance containing NORM.51 Practices include 
work with artificial sources, essentially artificial radioactive substances and the operation of 
certain electrical equipment emitting ionising radiations such as X-ray sets. The full 
regulatory package comprises three distinguished tiers: regulations, Approved Code of 
Practice (ACoP) and guidance. The regulations incorporate ICRP’s system of dose limitation 
and follow the basic principle of keeping all radiation exposures “as low as reasonably 
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practicable” (ALARP). These regulations are enforced by the Health and Safety Executive 
(HSE) in the UK. Regulation 3 makes it clear that the scope of the regulations includes work 
with radioactive substances containing naturally occurring radionuclides. The associated 
ACoP provides more detailed guidance in this area. In the case of substances containing 
naturally occurring radionuclides used in work other than a practice, the regulations only 
apply if “their use is likely to lead to employees or other people receiving an effective dose of 
ionising radiation in excess of 1 millisievert in a year (mSv/y)”. This regulation is currently 
under review (IRR2017) and is planned to be enforced from 1st of January 2018 to reflect the 
requirements from the new EU Directive. 
 
1.3.3 Environmental Permitting Regulations 2016 and Radioactive Substances 
Act 1993 
 
The control of radioactive substances in the workplace, in order to minimise the radiation 
exposure of workers and others, is covered by IRR99. The general control of radioactive 
substances in the environment is covered by the Environmental Permitting Regulations 2016 
(EPR2016) and the Radioactive Substances Act 1993 (RSA93) in the United Kingdom.52,53 
EPR2016 originally came into force in April 2010 in England and Wales, was amended 
several times since and replaced RSA93. In Scotland and Northern Ireland, RSA93 is still in 
force although the content is similar to EPR2016. Both regulations aim to control radiation 
exposure to members of the public resulting from radioactive wastes entering the 
environment. They also regulate the keeping and use of radioactive material, the disposal and 
accumulation of radioactive wastes. They are enforced by the UK environmental agencies: 
Environment Agency (EA), Natural Resource of Wales (NRW), the Scottish Environment 
Protection Agency (SEPA) and the Northern Ireland Environmental Agency (NIEA). 
 
Users of radioactive materials at specific premises and mobile radioactive apparatus in the UK 
are required to be registered, and the accumulation and disposal of radioactive waste, as well 
as its storage, requires prior authorisation. Both allow exemption from registration and 
authorisation in certain cases where control is considered to be unnecessary. Figure I.5 depicts 
and summarises the structure of organisations and legislations dealing with ionising radiation. 
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Figure I.5. Structure of organisations and legislation dealing with ionising radiation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Under UK legislation, NORM industries are separated and identified, under two different 
categories. Industries which use uranium or thorium deliberately as part of their activities and 
employ these radionuclides for their fertile or fissile properties are considered as NORM 
Industry Type I. The raw materials, intermediate by-products and final products from this type 
of industry are all radioactive materials when their activity concentration values are above 
specific limits mentioned in the new legislation. The wastes arising from this type of industry 
are also considered radioactive if their concentrations are above the same limits. 
 
The second category of NORM industrial activities covered by the new legislation is when the 
presence of NORM radionuclides is incidental. In this case, the raw materials (feedstock), 
intermediate or final products are not intended to be radioactive material. However, the wastes 
produced from this type of operation, generally Type II, can be radioactive waste if exceeding 
the values presented in Table I.7. The NORM industrial activities Type II include: extraction, 
production and use of rare earth elements and rare earth element alloys, mining and 
processing of ores other than uranium ore, production (but not storage, distribution or use) of 
oil and gas, removal and management of radioactive scales and precipitates from equipment 
linked to industrial activities, any industrial activity utilising phosphate ore, manufacturing of 
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titanium dioxide pigments, extraction and refining of zircon and manufacturing of zirconium 
compounds, production of tin, copper, aluminium, zinc, lead and iron and steel, activities 
related to coal mines, de-watering plants, water treatment associated with provision of 
drinking water, China clay extraction and remediation of contamination from other NORM 
industrial activities. 
 
Table I.7. Out of scope values for selected radionuclides in secular equilibrium from NORM activities 
Type II52,53 
Radionuclides 
Solid or relevant 
liquids concentration 
(Bq/g) 
Any other liquids 
concentration 
(Bq/l) 
Gaseous 
concentration 
(Bq/m3) 
238U 0.5 0.1 0.001 
232Th 0.5 0.1 0.001 
228Ra 1 0.1 0.01 
226Ra 0.5 1 0.01 
210Pb 5 0.1 0.01 
210Po 5 0.1 0.01 
 
Specific summation rules apply when radionuclides from different decay chains are present in 
the material concerned and are available from the guidance created for the NORM industry on 
how to comply with the radioactive substances exemption regime. 
 
All activity concentration limits were reviewed by the Department of Energy and Climate 
Change (DECC) (now known as Department for Business, Energy and Industrial Strategy 
(BEIS) since July 2016), in conjunction with the Devolved Administrations in 2010 and are 
now based on a radiation dose of 10 μSv/y and 300 μSv/y for Type I and Type II industries 
respectively. This criterion was also selected as a basis for ‘out of scope’ and exemption as 
representing appropriate levels of risk below which regulation is either not necessary (out of 
scope - excluded) or can be ‘light touch’ (exemption). In the UK, the categorisation and the 
listing of NORM activities were derived directly from the previous EU BSS and differences 
can be observed between the lists. For example, the cement industry is listed in the EU BSS 
but it is not included in the UK legislation. Also concerning the iron and steel industry, it is 
important to note that only the primary iron production is included in the EU BSS while the 
complete iron- and steel-making processes are included in the UK legislation. 
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1.4 The iron- and steel-making processes 
 
Iron is one of the most abundant metals, accounting for five percent of the Earth’s crust. It is 
found as carbonates, sulphides, silicates but mainly as oxides.54 Iron ores in the form of iron 
oxides are the basic raw material used in the integrated route of steel production. Along with 
coal and cotton, iron ore has been an essential material for mankind, with the industrial 
revolution depending upon it.55 It is still extracted on a massive scale for its essential use in 
making steel (see Figure I.6). 
 
Figure I.6. Iron ore production by country in 2008 (thousand metric tonnes)56 
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Iron and steel have found uses in many areas including agriculture, transport, rail, 
construction, the generation and distribution of power, machinery and equipment 
manufacturing, in household and medicine.57,58,59 Pure iron has limited commercial 
application but when alloyed with other elements, products can be manufactured with 
required combinations of strength and hardness. Steel also contains carbon ranging from 
0.001% to 2%. It is a recyclable material which can be re-melted and reshaped into new 
products. There are therefore two different routes for making steel: the integrated steel-
making route and the electric arc furnace steel-making (EAF). About 60% of the crude steel 
made in Europe is currently being produced following the integrated steel-making route.60 In 
the UK, there are currently two integrated steelworks in operation. One is located in 
Scunthorpe in Lincolnshire (Plant A) and one in Port Talbot in South Wales (Plant B). Iron 
ore is primarily reduced to iron in the blast furnace and then converted to steel using the basic 
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oxygen steel-making process (BOS). The EAF route is continually growing but it is still 
considered as a secondary route in the United Kingdom. It consists of directly melting scrap 
metals by passing a high voltage electric current through the charge, thereby creating an arc 
and melting the scrap metal through the heat generated.61 World steel production has 
increased considerably since 2000 and exceeded 1000 million tonnes for the first time in 
2004. In 2014, world steel production rose to a total of more than 1600 million tonnes with 
China producing half of it.62 
 
Figure I.7. Steel production worldwide since 195062 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The locations of integrated steelworks in the European Union are shown in Figure I.8. A 
concentration of steelworks along the coal belt in Central Europe is clearly visible. In 1990, 
45 integrated works were operated by the members of the European Blast Furnace Committee 
(EBFC: Austria, Belgium, Finland, France, Germany, Italy, Netherlands, Spain, Sweden, 
United Kingdom). In 2015, only 25 were still active. Most of the blast furnace works which 
have been shut down were replaced by EAFs, considered as a greener steel-making route, or 
shut down due to the world financial crisis in the steel sector. 
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Figure I.8. Geographical distribution of integrated steel works in the European Union63 
 
 
 
1.4.1 The integrated steel-making route 
 
The integrated steel-making route is by far the more complex taking place in large industrial 
complexes known as integrated steelworks. It comprises separate processes to prepare the raw 
materials, mainly coal and iron ores, into suitable forms for use in the blast furnace. The iron 
produced is then refined to steel in the BOS and cast into semi-finished and finished steel 
products. Figure I.9 depicts a typical schematic integrated route for steel production. 
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Figure I.9. Typical integrated steel-making process 
 
 
1.4.1.1 Coke-making process 
 
Coke is the primary reducing agent in the blast furnace and is produced by carbonising coal in 
an oxygen-free condition in an enclosed space named a coke oven. At coke oven plants, coal 
is carbonised using a gas heated to approximately 1150 - 1350°C which indirectly heats the 
coal up to 1000 - 1100°C where it remains for 14 - 24h.64 Coke ovens are made from silica 
brick and each oven can contain up to 30 tonnes of coal.65 The ovens are grouped together in 
batteries and each battery may typically contain up to seventy ovens. The carbonisation 
process starts immediately after coal charging. A ram machine is used to push fully 
carbonised coke out of the oven. Once out of the oven, coke starts burning promptly upon 
contact with oxygen. The coke is then transferred to quenching towers where large quantities 
of water rapidly cool the newly produced coke. The product is then stored in stockpiles, 
crushed and screened. Larger particles ranging in diameter from 20 to 70 mm are used in the 
blast furnace, while a smaller fraction (< 5 mm diameter), also called coke breeze, is used as a 
fuel in the iron ore sintering process. 
∆ 
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1.4.1.2 Iron ore agglomeration processes 
 
Iron ore is found in different mineralogical forms depending upon its origin. These forms may 
include hematite (Fe2O3), magnetite (Fe3O4) and as limonite or goethite (FeO(OH)).54,66,67,68 
Iron ores are received mainly in a fine granular form that is unsuitable for direct use in the 
blast furnace. Consequently, the iron ores require pre-treatment to produce an agglomerated 
feedstock for use in the blast furnace.69 Two processes are used for the agglomeration of iron 
ores viz., sintering and pelletisation.  
 
Generally, iron ore sintering is performed on naturally arising iron ore fines and is carried out 
as part of the integrated steel process on steel manufacturing sites. Pellet production, on the 
other hand, is normally associated with agglomeration of highly beneficiated iron ore fines 
and is largely carried out in stand-alone plants operated by iron ore mining companies. In the 
EU, Tata Steel IJmuiden Works has the only pellet plant operated by a steel producer, but the 
mining company LKAB operates four stand-alone pellet plants in Sweden. Ore producers in 
other parts of the World also operate pellet plants. The sintering and pelletisation processes 
are essentially complementary and they each have their own specific advantages and 
disadvantages. For integrated steel plants, sinter strands have a major advantage in that they 
allow recycling of in-plant residues, such as blast furnace flue dusts, millscale and other iron-
bearing fines. Pellets, however, are formed from high-grade iron ores, often after 
beneficiation, with small amounts of other additives, such as bentonite clay, to enhance the 
balling properties and improve the strength of the unfired pellets. A major difference between 
the two products is that sinter is a porous, irregularly shaped material, whereas pellets have a 
very regular spherical shape with a diameter of 9 to 16 mm. Both materials are very hard but 
sinter is more prone to physical degradation during transport and handling.  
 
Generally, raw feed to pellet plants, especially those operated by mining companies, is more 
consistent than sinter raw mix because it is based on a single iron ore or a well-defined mix of 
iron ores from the company’s mines. Sinter plants are subject to problems of supply logistics 
so that the ore blend composition may vary considerably from one bed to another. The 
frequency of such changes will depend upon the size of the beds. Sinter plants also have 
revert materials to consider in the overall blend, and the composition of these is more variable 
than iron ores. Although iron ore pellets are not produced in UK integrated steelworks, they 
are purchased from pellet producers and used in relatively small amounts in the blast furnaces. 
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Iron ore sintering is carried out on a Dwight-Lloyd continuous sintering machine as illustrated 
in Figure I.10, which consists of a series of cast iron grate bars with narrow spaces between 
adjacent bars to allow the waste gases to be drawn through. The raw materials, iron ores, coke 
breeze, fluxes (such as limestone, magnesite, olivine etc) and revert materials, are carefully 
blended in the necessary proportions to give a product with the required sinter chemistry for 
the blast furnace. Table I.8 shows the typical blend composition of sinter mix and analysis of 
the finished sinter. The raw sinter mixture, which may contain a mixture of typically up to 
five different iron ores, is pelletised with water and the resulting pellets are fed onto the 
slowly-moving continuous grate (sinter strand) as a bed, which is typically 40 - 60 cm deep 
and 4 - 5 m wide (see Figure I.11). A layer of pre-sintered material (the hearth layer) is laid 
out on the strand before the raw mix is added in order to prevent material from falling through 
the grate bars and to provide thermal protection for the grate bars. 
 
Coke particles at the top of the bed is ignited under an ignition hood and the resulting narrow 
combustion zone is slowly drawn down through the bed by a strong flow of air produced by 
applying an induced draught at the bottom of the bed by means of powerful fans. The heat 
generated through coke combustion causes partial fusion of the iron ores and flux resulting in 
the formation of large pieces of sinter product. The strand is typically 50 to 70 m long and 
moves at a speed of 1 to 3 m/min, when the finished sinter reaches the end of the strand it falls 
into a rotary cooler where it is cooled by an up draught of air. After cooling, the product is 
screened and transferred to the blast furnace.  
 
The waste gases from the strand exit the bottom of the bed and are drawn through a series of 
wind boxes situated beneath the strand, then via a series of wind legs into the waste gas main. 
The waste gases are de-dusted in an electrostatic precipitator (ESP), pass through the fan and 
are emitted to atmosphere via a tall stack. The stack emissions from the sinter plants generally 
contribute up to half of the total dust emissions from a typical integrated steelworks.64 Sinter 
plant ESPs generally operate at an efficiency of 85 to 95%, owing to the chemistry of the off-
dust. Other European sinter plants, such as in the Netherlands, France and Germany, apply 
fabric filters for waste gas de-dusting.70 Dust-laden air released when the finished sinter is 
discharged from the end of the strand is extracted and de-dusted in a separate so-called de-dust 
ESP together with air collected from various extraction points around the plant by the 
workplace ventilation system.  
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Figure I.10. Schematic of the iron ore sintering process69 
 
 
Table I.8. Typical sinter analysis65 
Sinter mix (%) Finished sinter (%) 
Blended ore 63.6 Fe 55.78 
Limestone 9.9 FeO 6.22 
Dolomite 3.5 SiO2 6.05 
Return fines 17.7 Al2O3 1.28 
Coke Breeze 5.3 CaO 9.65 
  MgO 1.92 
 
Figure I.11. Picture of an iron ore sintering strand 
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1.4.1.3 Blast furnace 
 
The blast furnace (BF) is the main operational unit where primary reduction of ore oxides 
takes place leading to liquid iron. It is essentially a closed system and is charged from the top 
with the burden consisting of alternate layers of coke and a mixture of sinter, lump ores, ore 
pellets and fluxes mainly limestone. The iron-bearing material charged to BFs in the UK 
typically consists of 80% sinter and 20% pellets or lump ores. The charging system at the top 
of the furnace also acts as a valve to prevent escape of gas, which is taken off through large 
pipes to a gas cleaning plant. Iron ore is reduced as the temperature rises with increasing 
depth as a result of heated air blasts being blasted from the hot stoves into the furnace above 
the hearth at the furnace base (Figure I.12). The preheated air reacts with the carbon in the 
form of coke to produce carbon dioxide (Equation B) which is further reduced by coke to 
carbon monoxide (Equation C), which is then able to reduce the iron oxides to produce liquid 
iron and carbon dioxide (Equation D).71 
 
     C + O2     →   CO2                                                                                               Eq.B 
 
CO2 + C   →    2CO                                                           Eq.C 
 
Fe2O3 + 3CO    →   2Fe + 3CO2                                                                              Eq.D 
 
Other carbon sources such as coal, oil or natural gas may also be injected with the blast air to 
provide additional heat and to reduce coke requirements. Slag forms as calcium silicate or 
alumina silicate, produced from limestone reacting with acid impurities.64 Liquid iron and 
slag are removed by continuous tapping from the hearth and the liquid iron is taken to the 
BOS plant using railway wagons known as torpedoes. Slag is tapped from the furnace and 
flows by runners in a granulation plant. The granulation plant involves the pouring of molten 
slag through high pressure water sprays within a granulation head. After granulation, the slag 
slurry is moved to a separation tank where water vapours are collected and condensed. Once 
the slag is fully dry, it is stored and sold for use in road building, concrete aggregate, thermal 
insulation or as cement replacement. 
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Figure I.12. Schematic representation of a blast furnace 
 
 
 
 
 
 
 
 
 
 
 
 
1.4.1.4 Blast furnace gas cleaning systems 
 
BF gas contains nearly 20% CO and up to 4% H2 and is a useful fuel gas but it must be 
cleaned, mainly to remove dusts, prior to its use as a fuel across the steelworks.64 
 
The BF gas is usually cleaned in three stages: preliminary coarse cleaning, cooling, which is 
part of the cleaning operation and fine cleaning. BF ‘top gas’ contains large amounts of dust 
(between 7 and 40 kg/t of hot metal produced), a large part of which is removed in the dry 
first step of the gas treatment system either by using a passive dust catcher or a dry cyclone 
system (BF flue dust). This dust fraction mainly consists of relatively coarse material with a 
high iron and carbon content and therefore can be recycled to the sinter plant. Results from 
external tests show that a dry cyclone increases collection efficiency from 50% to 85% 
compared with the dust catcher system and also reduces the amount of wet sludge at the final 
stage of wet scrubbing by 70%.72 After dry dust collection, the remainder is removed from the 
BF gas by means of wet scrubbing. The resulting sludge has a relatively high zinc content, 
which presents an obstacle to its reuse at the sinter plant. By means of hydrocyclones, the 
sludge may be separated into a zinc-rich and a zinc-poor fractions. The zinc is mainly present 
in the form of zinc oxide (ZnO), which appears as very small particles that are concentrated 
preferentially in the overflow fraction (BFHCOF), whereas the zinc-poor fraction leaves the 
hydrocyclone via the underflow fraction (BFHCUF). The underflow fraction is reused in the 
sinter plant, while the overflow fraction is dewatered and is a waste for the steel industry. 
LIQUID IRON = HOT METAL 
SINTER, ORE, LIMESTONE 
COAL, OIL, AIR INJECTION 
SLAG 
GAS CLEANING PLANT 
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However it can also be reused in the cement industry as an alternative iron source. The use of 
hydrocyclones is currently applied in plant A (see Figure I.13). Further dust recycling systems  
such as a rotary hearth furnace (RHF) may possibly be applied in the future to recover the 
zinc and iron from off-dusts produced in steel-making processes, in particular the overflow 
fraction produced by the hydrocyclone in plant A. Dust recycling technology by RHF was 
first tested and applied at Nippon Steel’s Kimitsu Works in 2000 where zinc and other 
impurities in the dust and sludge are separated to prepare commercially useful zinc and iron 
products.73 
 
Figure I.13. Schematic representation of the material and waste stream management from the BF gas 
cleaning plants at plant A and B 
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1.4.1.5 Basic oxygen steel-making 
 
The basic oxygen steel-making (BOS) process is a batch operation in which typically 300 
tonnes of steel are produced in a 30 - 40 minutes process cycle. It was first suggested by 
Henry Bessemer and is the world’s premier steel-making method. The BOS process uses 
liquid iron delivered by torpedo vessel from the BF together with 20 - 25% steel scrap as 
plated iron which is used to balance the heat generated in the process. The process cycle, 
which is shown in Figure I.14, begins with the charging of steel scrap into the empty BOS 
vessel. Then the liquid iron is added on top of the scrap, the vessel is turned into a vertical 
position, a lance is then lowered into the vessel and oxygen is blown onto the surface of the 
molten bath to oxidise impurities such as C, Si, S and P. The heat generated in the oxidisation 
of C melts the steel scrap material and increases the bath temperature to approximately 
1500◦C. Fluxes are also added to form a slag with unwanted impurities. After refining, the 
steel is tapped into a ladle and additions of alloy metals are made to adjust the steel 
composition as required. The liquid steel may then be subjected to secondary steel-making 
processes in a ladle arc furnace or to vacuum degassing, prior to casting. Nowadays, most 
steel is cast into blooms or slabs in a continuous casting process, but some is still cast into 
ingots in cast iron moulds.64 
 
Figure I.14. The main steps of the basic oxygen steel-making process65 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Charging
Scrap
Charging
Hot Metal
Blow Tapping
Additions
 © Dal Molin 2018                                                                                                                                                                         52 
 
The waste gas from the BOS process is extracted by a primary ventilation system and cooled 
and cleaned in a two-stage wet gas scrubbing process. Gas from the early part of the process 
is rich in CO and may be collected for use as a fuel across the steelworks, but gas from the 
later stage of the process is vented to atmosphere after cleaning. The coarse dust from the first 
stage of the cleaning process may be recycled to the sinter plant, but owing to its zinc content 
, the slurry of fine dust from the second stage of the cleaning process is not suitable for 
recycling to the sinter plant. In some cases, the fine slurry is dewatered and mixed with BF 
slurry and used to make waste oxide briquettes (WOB) for recycling to the BOS process, or 
sold to the cement industry as alternative source of iron. 
 
1.4.2 The electric arc furnace steel-making process 
 
Electric arc furnaces (EAF) steel-making processes have a well-deserved reputation for 
producing high quality alloy steels, especially stainless steels. More recently, however, larger 
quantities of carbon steels have been made in these types of furnace and this technique has 
now become a high-tonnage producer reaching around 40% of the total European steel 
production.60 Unlike the BOS process, the EAF uses only cold scrap metal; no hot metal or 
liquid iron from the blast furnace is used in this operation. This recycling technique is 
gradually being considered more environmentally friendly than the integrated steel-making 
route despite a huge amount of electricity being required to melt the scrap metal. The furnace 
consists of a circular vessel with a removable roof, through which three graphite electrodes 
can be raised or lowered. Steel scrap is first charged into the vessel, before the graphite 
electrodes are lowered into the steel charge, a powerful electric current is applied and passed 
through the charge creating an arc. The heat generated from the arc melts the scrap. Once the 
charge is melted, additional baskets of steel scrap may be charged. Fluxes can be added and 
oxygen can be blown to reduce unwanted impurities. Final adjustments to precise customer 
specification can finally be made by adding alloys.65 The BOS and EAF steel-making 
processes were not particularly covered in this project although NORM scales can be found 
associated with scrap steel materials (i.e. pipelines from the oil and gas industry or 
decommissioned fertiliser plants).  
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1.5 Aim and objectives 
 
The aim of the project is to further the knowledge and the understanding of the behaviour and 
the fate of key natural radioisotopes in the integrated steel-making route by developing and 
validating radioanalytical methodologies to measure 238U and its
 
key decay products 226Ra, 
210Pb, 210Po and to define the potential risk for workers of exposure to industrial NORM along 
the different steps of the process, particularly focusing on dusty workplaces which have never 
been investigated in the past. In detail, the objectives of the project are to: 
 
(i) develop reference materials and validate methods to measure 238U, 226Ra, 210Pb, 210Po 
in all raw materials, by-products, waste materials and occupational dusts used and 
generated in the iron- and steel-making processes using state-of-the-art analytical 
and radiometric techniques. 
 
(ii)  provide a better understanding of the behaviour of these natural radioisotopes in the 
main steps of the integrated steel-making route and refine mass balance models. 
 
(iii) define the radiation exposure to workers by carrying out occupational surveys in key 
processes where occupational dusts containing enhanced levels of NORM can be 
generated and assess the potential intakes of radioactivity and associated doses 
from chronic exposure to occupational dusts by developing sampling strategies 
and verifying the suitability of standard coefficients used to convert the activity of 
the material into doses. 
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Chapter II Method development and validation for the 
determination of 238U and its key decay products in iron- and 
steel-making materials 
 
2.1 Sampling 
 
2.1.1 Solid raw and waste materials 
 
In the course of a year, a typical UK integrated steelworks involves the use of thousands of 
tonnes of raw materials which produce similar large amounts of by-products, waste and 
products being obtained and processed for sale. Sampling consists in taking a small portion 
from a very large bulk in such a way that its composition is representative of the whole on a 
statistical basis and preparing it in a suitable form for further analysis.68,74 In order to respect 
this concept, several samples of the main raw input and output materials of key processes 
within the integrated steel-making route were, when possible, taken at random, recombined, 
dried under dedicated fume cupboards, homogenised using conventional mills and stored in 
clean, light-sensitive glass containers prior to testing.  
 
2.1.2 Stack emission from the iron ore sintering process 
 
There are currently no national or international standardised procedures for the determination 
of the activities of 210Po and 210Pb in waste gas stack emissions from industrial processes. 
Sampling from the two UK sinter plants was performed to meet the requirements of BS EN 
13284-1, typically used to determine particulate emissions in waste gases and BS EN 14385 
used to determine trace metals emissions in both particulate and gas phase.75,76 
 
The first method consists of the isokinetic extraction of particulates from the waste gas stream 
through a sharp edged nozzle. The particulate matter is then trapped on a pre-weighed quartz 
filter (47 mm diameter, Whatman, UK). Sampling is carried out at multiple points in the stack 
to obtain a representative sample. The accuracy of the final results is dependent on the 
number of incremental samples taken across the sampling plane of the stack and the duration 
of sampling. Typically, a sample volume of around 0.2 to 0.5 m3 is extracted from the stack 
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giving a sampling duration of 30 minutes. On completion of sampling, the filter is dried and 
weighed to determine the mass of particulate collected. BS EN 14385 is recommended for the 
determination of emissions of both particulate-bound and gas-phase metals, including arsenic 
(As), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), manganese (Mn), nickel (Ni), 
lead (Pb), antimony (Sb), thallium (Tl) and vanadium (V), from stationary sources and was 
used to study the partitioning of 210Po and 210Pb between the particulate and the gas phase (see 
Chapter III). This method also uses isokinetic sampling to extract a sample of the waste gas, 
but after collection of particulate matter on a pre-weighed quartz filter, the gas is passed 
through a series of impingers containing nitric acid and hydrogen peroxide in order to trap any 
metals present in the gas phase. 
 
2.2 Sample preparation 
 
Once representative samples have been collected, the next step is sample preparation prior to 
analysis. For natural gamma-emitters, non-destructive radiometric measurement is possible 
which has the advantage of eliminating the laboratory intensive nature of sample preparation. 
However direct radiometric methods have drawbacks such as the limited availability of 
suitable matrix matched calibration standards and the need for complementary techniques to 
gather sufficient information for estimating the effect from the interaction of the radiation 
with the sample matrix. In contrast, destructive techniques used to measure radioactivity 
require preparation of the sample which generally consists in physically converting the 
sample into a different form. Destructive methods are generally more sensitive and precise 
than direct non-destructive techniques but can also suffer from interferences, and hence may 
require complex separation procedures. 
 
Acid dissolution is generally required to measure natural alpha-emitters. Traditionally, it was 
performed using open beakers on hotplates, but closed vessel microwave systems are now 
available that allow shorter digestion times, and consumption of smaller amounts of acids, 
then reducing the risk of external contamination, and indirectly resulting in improved 
detection limits and accuracy.77,78,79 Nevertheless, it is important to ensure that the sample 
preparation is complete to avoid any loss of information or misinterpretation of results. When 
dealing with environmental materials, mineral acid digestion is considered to be sufficient. 
Non-oxidizing acids (hydrochloric acid (HCl), hydrofluoric acid (HF), dilute perchloric acid 
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(HClO4) and dilute sulphuric acid (H2SO4)) can generally dissolve metals with a reduction 
potential higher than that of hydrogen. If a non-oxidizing acid does not dissolve the material, 
an oxidizing acid is added (nitric acid (HNO3), concentrated H2SO4 or concentrated HClO4). 
Several studies have been carried out using various combinations of acids to digest 
samples.80,81 The acid mixture is very often chosen depending of the bulk chemical 
composition of the material. Aqua regia is composed of a 3:1 ratio of HCl to HNO3 and is 
commonly used for digesting mineral ore materials.82 As can be seen in Equation A, the main 
advantage of this mixture is that nitrosyl chloride and chlorine are generated. These are very 
strong oxidising agents which can dissolve noble metals that would not be reduced 
completely by HCl and HNO3 alone. 
 
3HCl + HNO3     →   NOCl + Cl2 + 2H2O                                       Eq. A 
 
Nevertheless aqua regia cannot dissolve sparingly soluble silicates or mineral carbon phases 
and therefore is not recommended for the preparation of coal materials or mineral fluxes used 
in the iron ore sintering process with high concentration of silicates. 
 
2.3 Detection and measurement of radiation 
 
Semiconductor detectors are widely used in gamma and alpha spectrometry. Alpha 
spectrometry analysis is a radioanalytical technique which is generally carried out using 
semiconductor detectors capable of discriminating between alpha particles of different 
energies in the range 4 to 8 MeV. Due to the short range of alpha particles in air, the counting 
is performed in vacuum chambers. Typically, ion-implanted silicon or silicon surface barrier 
detectors having a diameter of 25 mm and a very thin sensitive depth (typically < 400 µm) are 
used for alpha spectrometry applications. Detection of gamma radiation in complex 
environmental matrices generally requires the use of a high resolution gamma spectrometer 
fitted with an ultra-pure germanium detector.83 
 
Liquid scintillation counting (LSC) is also an important radiometric method especially for the 
measurement of beta-emitting radionuclides. LSC is based on the radiation-induced light 
emission and transformation of the light into electric pulses. Liquid or solid materials 
containing radionuclides are mixed with a liquid scintillation cocktail consisting of an organic 
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solvent and a scintillating agent containing organic aromatic molecules that emit light photons 
by fluorescence when their excited states are relaxed. The excitation of the scintillator 
molecules is created by the transfer of the kinetic energy of beta or alpha particles.84 
 
2.4 Review of current methodologies 
 
2.4.1 Measurement of 210Po 
 
Polonium-210 (210Po) has a half-life of 138.4 days and decays to stable 206Pb by emitting an 
alpha particle with energy of 5.31 MeV.84,85 There are generally two techniques that can be 
used for the determination of radioisotopes undergoing radioactive decay by alpha particle 
emission. These are: direct measurement of the alpha particles emitted in the decay process 
or, in suitable cases, by measurement of gamma-rays accompanying the decay process. In the 
case of 210Po, there is no accompanying gamma-ray emission so that it is only possible to 
measure the activity of this radioisotope by alpha spectrometry. 
 
Because of their energy range, alpha particles are completely stopped by the dead layer of 
human skin or a single sheet of paper. Alpha particles within a solid matrix would be also 
largely attenuated by the solid matrix itself and only the particles released at the surface of the 
solid would be detected. Therefore, 210Po analysis requires an important sample preparation 
method to extract selectively 210Po present in the sample prior quantifying it using alpha 
spectrometry. A common method of separation for 210Po is the spontaneous deposition onto 
the surface of a silver disc followed by alpha spectrometry. A key factor in the preparation 
and analysis of samples for 210Po is the caution required to avoid losses due to volatilisation or 
to quantify the loss by using a man-made yield tracer such as 209Po or 208Po.86 
 
2.4.2 Measurement of 210Pb 
 
There are several ways for measuring 210Pb. Direct analysis of 210Pb can be performed by 
measuring the 46.5 keV gamma-ray emitted in 4% of the decays of the nuclide.87 The 
principal difficulty associated with this approach is the estimation of the matrix self-
absorption of the gamma-ray.88,89 Indeed gamma-rays interact with detectors and absorbers by 
three major processes: photoelectric absorption, Compton scattering and pair production.90 
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The photoelectric absorption process is dominant at energies below 200 keV and, during this 
process, the gamma-ray interacts with a bound atomic electron in such a way that it loses all 
of its energy and ceases to exist as a gamma-ray as illustrated in Figure II.1. The probability 
of interaction of photoelectric absorption depends on the gamma-ray energy, the electron 
binding energy and the atomic number of the atom. It can be expressed as shown in Equation 
B: 
 
τ ~ Z4 / E3                                                                                    Eq. B 
 
with Z being the atomic number of the interacted atom and E being the incident gamma ray energy. 
 
In the gamma detector, the photoelectron is stopped quickly in the volume of the detector, 
which emits a small output pulse whose amplitude is proportional to the energy deposited by 
the photoelectron.  
 
Figure II.1. Schematic representation of the photoelectric absorption process 
 
 
 
 
 
 
 
Low levels of 210Pb can be determined indirectly by alpha spectrometry using its grand-
daughter 210Po. After counting the sample for 210Po, the residual 210Po is removed from the 
test solution by exhaustive deposition on silver discs. The solution is then set aside for a 
suitable period to allow further 210Po in-growth from the 210Pb present in the solution. 210Po 
produced by ingrowth can subsequently be determined by alpha spectrometry and enables the 
indirect estimation of 210Pb. Other less common routes comprise its co-precipitation with 
barium sulphate for analysis by LSC, its separation with its direct decay daughter product 
210Bi for its direct beta emission counting or beta emission of the in-growing 210Bi by beta 
spectrometry.91 
 
 
E
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2.4.3 Measurement of 226Ra 
 
Radiometric approaches for the determination of 226Ra in environmental samples have been 
widely used as routine techniques.92 It can either be directly measured by alpha, beta or 
gamma spectrometry or indirectly measured using the information from its direct decay 
products 222Rn, 214Bi and 214Pb. The indirect 222Rn emanation technique is a traditional and 
very established technique but requires important sample volumes. For the measurement of 
relatively high levels of 226Ra, the gamma spectrometry approach using semiconductor 
germanium detector is generally preferred.93 It can be indirectly determined using the 214Bi 
peak at 609 keV and the 214Pb peaks at 295 and 352 keV following a waiting period of nearly 
a month for ensuring secular equilibration between 226Ra and 222Rn and their retention in the 
sample container. 226Ra can also be directly measured using its 186 keV peak after ensuring 
primarily the absence of 235U which also emits at the same energy. Compton scattering is 
most likely to occur for gamma rays in the 600 - 4000 keV range. Compton scattering is 
similar to the photoelectric effect (see 2.4.2) in that it involves the interaction of a gamma ray 
with an atomic electron, resulting in the ejection of the electron from the atom. 
 
Alpha spectrometry can also be used but the associated source preparation is labour intensive. 
Nevertheless this approach has the advantage of being low-background and the most sensitive 
technique for measuring this radioelement. Indeed, a minimum detectable activity of 0.1 
mBq/l can be achieved in water samples.94 In the last three decades, a number of source 
preparation techniques have been developed. The most common one consists of co-
precipitating with a small amount of barium sulphate (BaSO4) . The resulting Ba(Ra)SO4 is 
collected on a filter, washed, dried and finally analysed by alpha spectrometry.95,96,97 The 
activity of 226Ra can also be measured by counting the activity of its progeny radionuclide 
214Po or the sum of 226Ra with all its alpha decay products (222Rn, 218Po and 214Po) at 
equilibrium by LSC.98 More recently, methodologies based on sorption of radium isotopes on 
MnO2-coated polyamide discs were developed and enabled its direct analysis in minimising 
the need for further separation and source preparation steps.94,99 
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2.4.4 Measurement of 238U 
 
Due to the very long half-life of 238U, inductively coupled plasma - mass spectrometry (ICP-
MS) is much more sensitive than alpha spectrometry for its measurement. ICP-MS and alpha 
spectrometry are the two main techniques used to measure mass and activity concentrations 
respectively from the multiple alpha emitters present within the 238U decay chains. Both 
techniques require the conversion of a solid sample into a solution. ICP-MS is nowadays one 
of the best analytical techniques for determining trace multi-elemental and isotopic 
concentrations in liquid samples. It is a highly sensitive analytical technique which relies on 
the generation of ions within an ICP following sample introduction by nebulisation. Ions are 
then extracted under vacuum from the interface and focused using an arrangement of cones 
and ion lenses. The focussed ion beam then enters the analyser, commonly a quadrupole 
where ions are separated based on the ion mass to charge (m/z) ratio. By varying the voltage 
applied to the quadrupole, ions of certain m/z can be focused on the detector with subsequent 
quantification.100 A schematic representation of processes occurring in ICP-MS is presented 
in Figure II.2. Inductively coupled plasma - atomic emission spectrometry (ICP-AES) has 
been used extensively in the past and is only used for high concentration levels. Indeed ICP-
AES suffers from many overlapping spectral interferences from other elements and a very 
high background emission from the plasma itself, limiting detection limits. Interferences may 
also occur using ICP-MS but are generally easy to handle using collision and reaction cell 
technology.101 
 
Figure II.2. Schematic representation of processes in ICP-MS from sample introduction to mass 
analysis102 
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ICP-MS with a single quadruple mass analyser is suitable for the measurement of 238U. 
However a more sophisticated analyser is necessary if the determination of minor uranium 
isotopes is needed.84,103 The alpha spectrometric approach can also be used for determining 
uranium isotopes but generally requires the use of an intermediary separation step to remove 
210Po for uranium isotope determination.104 
 
Gamma spectrometry is one of the other common techniques used to indirectly determine 
238U. Indeed 238U cannot be measured directly by gamma spectrometry since its gamma 
emission at 49.5 keV has a very low emission probability of 0.07%. It is however possible to 
measure its activity through its daughter 234Th with its two main emissions at 63 and 92.5 
keV.105,106,107 
 
2.5 Chemical composition and mineralogical analysis 
 
Chemical composition and mineralogical information is complementary to radiometric 
techniques. Indeed it can define the best preparation route for alpha spectrometry or ICP-MS 
analysis and estimate correction factors to apply for matrix self-absorption during gamma 
spectrometric analysis. 
 
Multi-element analysis can be determined by X-ray fluorescence (XRF) which allows 
qualitative and quantitative simultaneous multi-element analysis. Briefly, XRF is the 
interaction of a primary beam of X-ray photons generated from a separate excitation source, 
with atoms of the elements of interest found within the sample. The X-ray photons cause the 
ejection of inner shell electrons from the elements in the target resulting in outer shell 
electrons falling back to replace the vacant spaces. This technique does not necessarily require 
further sample preparation and therefore can be used on-site using portable systems.82,108 
Nevertheless, the preparation of fused beads increases the accuracy of measurement. 
Inductively coupled plasma - atomic emission spectrometry, ICP-MS or atomic absorption 
spectroscopy (AAS) can also be used but are generally more time-consuming and laborious 
techniques than XRF. ICP-MS has, however, the advantage of allowing trace element 
analysis.100,101 
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Multi-element analysis provides the overall concentrations of the main constituents of a 
sample but does not give an indication of the identity of the individual compounds or mineral 
phases present in a sample. Qualitative or semi-quantitative phase analysis of the major 
mineralogical phases can only be achieved by means of X-ray diffraction (XRD) analysis 
combined with a statistical data analysis technique such as Rietvield.109,110 Analysis for minor 
and trace phases require a more time-consuming approach involving scanning significant 
surface areas of a polished or coated section on a with scanning electron microscopy 
combined with an energy or wavelength dispersive X-ray spectrometry (SEM-EDS or SEM-
WDS). 
 
SEM uses a beam of electrons to produce an image of the sample.111 The electrons are 
generated using a tungsten wire and accelerated down a column to the samples of interest. 
The resulting secondary and backscattered electrons from the interactions between the 
electron beam and the spot surface area of a sample are detected and used to produce an 
image. The samples are generally pre-coated with carbon to improve the quality of the image. 
The information from X-rays generated from the interactions between accelerated electrons 
and the sample are used to quantify elements of interest. Indeed X-rays have energies and 
wavelengths which are characteristic of the elements (atoms) that are present and the intensity 
of these X-rays from each element is proportional to the weight fraction of that element in the 
specimen, the relevant weight fractions of each element of interest could then be determined. 
 
2.6 Development of specific analytical methodologies 
 
2.6.1 Determination of the bulk chemical composition of iron- and steel-making 
materials 
 
The bulk chemical composition of solid iron- and steel-making materials was determined by 
XRF and carbon-sulphur analyses to define the best sample preparation methodology for 
210Po analysis by alpha spectrometry and to create a correction model for determining 210Pb 
by gamma spectrometry. The XRF method consisted of mixing each material with alkali 
borate (lithium tetraborate) in the ratio 1:10 in platinum crucibles and heating in an automated 
fusion unit as shown in Figure II.3 (a). The fused mixtures were then poured into a circular 
casting tray and allowed to solidify (b). The resulting beads (c) were subjected to multi-
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element analysis using an XRF spectrometer (S8, Bruker, UK) (d), with validation with the 
certified reference material (CRM) Furnace dust 877-1 (Bureau of Analysed Samples Ltd, 
UK). Carbon and sulphur contents were determined using a combustion carbon-sulphur 
analyser (CS-444, LECO, UK), which uses an induction furnace and measures carbon and 
sulphur oxides by infrared absorption (see Figure II.4). Results were validated using three 
different CRMs: Euro Standards Silicon Carbide Refractory 781-1 & Furnace dust 877-1 
(Bureau of Analysed Samples Ltd, UK) and the Furnace Slag SX32-21, (Dillinger-Hütte, 
Germany) which cover different carbon and sulphur content ranges typical of the materials 
used in the iron and steel industry. The loss on ignition (LOI) of each sample was determined 
by heating a sample in an oven at 1000°C for one hour. 
 
Figure II.3. Photographs of (a) automated fusion unit, (b) solidification step, (c) bead and (d) S8 
BRUKER XRF spectrometer 
 
 
 
 
 
 
 
 
 
 
 
Figure II.4. Picture of CS-444 LECO Carbon-Sulphur analyser 
 
a b 
c d 
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2.6.2 Semi-quantitative analysis of mineral phases by XRD-Rietvield 
 
Multi-element analysis by XRF provided the overall concentrations of the main constituents 
of studied materials but did not give an indication of the identity of the mineral phases 
present. Mineral phase proportions of sinter dusts and blast furnace dusts and slurries were 
determined by XRD and subsequent Rietveld analysis to reinforce and confirm the suitability 
of using the bulk chemical composition information for determining gamma attenuation 
factors. The XRD patterns were recorded in the range of 10 to 130° (2θ) in reflection mode 
using a fully automated diffractometer (CoKα-radiation) (D4, Bruker, USA) equipped with a 
position sensitive detector. The step size was 0.02° and the time per step was 200 seconds. 
Quantitative determination of phase proportions was performed by Rietveld analysis. Rietveld 
is a statistical approach to quantify mineral phases using a refinement on the assumption of 
pure phases. The unit cell parameters, background coefficients, preferred orientations, profile 
parameters and phase proportions were refined using a TOPAS software package. 
 
2.6.3 Determination of trace metals in iron- and steel-making materials 
 
The concentrations of several elements including as boron (B), potassium (K), titanium (Ti), 
V, Cr, Mn, Co, Ni, Cu, zinc (Zn), As, selenium (Se), Cd, Sb, Ba, Tl, Pb in a wide range of 
iron- and steel-making materials were determined by ICP-MS. Iron- and steel-making 
materials were digested with 12 cm3 of aqua regia using a microwave-assisted digestion 
system (Mars 5, CEM, USA) equipped with PTFE reaction vessels. Approximately 0.5 g of 
solid material was weighed directly into the vessels. The constantly monitored vessel (vessel 
1) always had slightly higher mass to establish a worst case scenario therefore if pressure 
and/or pressure conditions inside the vessel 1 became unsafe then the microwave system 
would automatically shut down. A specific microwave digestion procedure was developed 
and is summarised in Table II.1.  
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Table II.1. Microwave digestion method for the determination of trace metals in iron- and steel-
making materials by ICP-MS 
Step Power (W) Duration (min) Temperature (°C) Max. Pressure (psi) 
1 1200 5 100 500 
2 1200 5 130 500 
3 1200 45 180 500 
 
The digested solutions were then transferred into a 50 cm3 Falcon® tube after cooling down 
and diluted to 50 cm3 by rinsing the microwave vessels with deionised water. A final dilution 
per a minimum of 20 using 10 cm3 flasks was then carried out prior to analysis by ICP-MS 
(7500ce, Agilent, USA) fitted with a collision/reaction cell (Octopole Reaction System 
(ORS), Agilent, USA) allowing the reduction of interferences using different gases. Initially, 
the ICP-MS instrument was purged with argon (Ar) gas and tuned to optimise the intensity of 
all masses of interest, verify correct mass axis and resolution, obtain a flat mass response over 
the entire mass range and minimise interferences (oxide and doubly charged species). Argon 
gas is used because it is inert, relatively inexpensive and available at high purity, but mainly 
because it has a first ionisation potential of 15.75 eV which is higher than the first ionization 
potential of most elements and lower than the second ionization of most elements. Since the 
plasma ionization environment is defined by the Ar gas, most analytes are efficiently 
singularly charged. The tuning step was conducted using a solution containing 1 ng/ml of 7Li, 
89Y, 140Ce and 205Tl, covering the entire mass range. The instrument was tuned in 3 different 
modes starting in the standard mode using Ar gas only followed by the helium (He) mode and 
finally the hydrogen (H) mode. In the standard mode, the quotient of CeO/Ce < 2% and 
Ce++/Ce+ < 3% was achieved prior starting the analysis of a batch of samples. The list of 
elements of interest with appropriate isotopes, ORS acquisition mode and integration time.is 
presented in Table II.2 and the main interferences in iron- and steel-making materials are 
listed in Table II.3. 
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Table II.2. Elements of interest with appropriate isotopes, ORS acquisition mode and integration time 
Element Isotope ORS mode Integration time (sec) 
B 11 Helium 0.5 
K 39 Helium 0.1 
Ti 47 Helium 0.5 
V 51 Helium 0.5 
Cr 53 Helium 0.5 
Mn 55 Standard 0.05 
Co 59 Helium 0.5 
Ni 60 Helium 0.5 
Cu 63 Standard & Helium 0.5 & 0.5 
Zn 66 Helium 0.5 
As 75 Helium 0.5 
Se 82 Helium 0.5 
Cd 111 Standard 0.5 
Sb 121 Standard 0.5 
Ba 137 Standard 0.5 
Tl 205 Standard 0.5 
Pb 208 Standard 0.5 
 
Table II.3. Main interferences and correction on trace elements 
Element Isotope ORS mode Main interferences 
K 39 Helium 38ArH 
Ti 47 Helium 35Cl12C 
Cr 53 Helium 36Ar16OH 
Co 59 Helium 40Ar18OH 
Cu 63 Helium 23Na40Ar 
As 75 Helium 40Ar35Cl 
 
A certified stock solution Multi Analyte Custom Grade Solution (Inorganic Ventures, USA) 
with a concentration of 10 mg/kg of trace metals and 100 mg/kg for manganese was used to 
prepare external calibration standards ranging from 0 to 500 µg/kg for all elements except for 
Mn with a maximum of 5 mg/kg (R2>0.99). 
 
Analysis of lead was carried out in standard mode but the quantitative value is the sum of the 
three stable isotopes at mass 206, 207 and 208. Natural lead was also used as an indicator for 
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the fate of 210Pb and 210Po in the iron- and steel-making processes. Also, as radium tends to 
follow the behaviour of chemically similar element Ba, the information on Ba was also used 
to investigate the potential concentration effect of 226Ra in the iron- and steel-making 
processes.96 
 
2.6.4 Determination of fluoride in iron- and steel-making materials 
 
The water soluble fluoride content of raw mix, sinter, waste gas dusts and stack emission 
particulates was determined by ion chromatography (ICS-2000, Dionex, USA) to investigate 
the potential volatilisation of 238U in the iron ore sintering process. Indeed the behaviour of 
this radionuclide in the integrated steel-making route is not fully understood. Nevertheless it 
is known that the emission from the iron ore sintering process contain HF and traces of 
fluorine compounds which could induce its volatilisation.112 
 
The analytical procedure was derived from US Environmental Protection Agency (EPA) 
method 200 for the determination of anions in water.113 Briefly, all samples were extracted 
using 30 cm3 of deionised water at 70°C during 6 h using an ultrasonic bath (5510 Branson, 
USA). The total extract was diluted to 50 cm3 and subjected to a filtration using a 10 cm3 
syringe equipped with a 0.45 µm nylon membrane. Because of the wide range of 
concentrations that may be found in the various materials analysed, the total extracts were 
diluted further (when necessary) using dilution factors ranging from 1 to 100 prior to analysis. 
 
A certified stock solution Multi Analyte Ion Chromatography Solution (Inorganic Ventures, 
USA) containing 20 mg/kg of fluoride and other anions (e.g. chloride) was used to prepare 
external calibration standards ranging from 0 to 5 mg/kg. 
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2.7 Development of specific radioanalytical methodologies 
 
2.7.1 Determination of 210Po in iron- and steel-making materials 
 
Stack emission filters, raw materials and iron- and steel-making dusts were spiked with a 
known amount of certified 209Po (R33-01, National Physical Laboratory (NPL), UK), which 
does not interfere with the analysis (Eα: 4.866 MeV) and has a relatively long half-life (t1/2 = 
115 ± 27 years) and digested following the same microwave digestion procedure presented in 
section 2.6.3. 
 
Stack emission samples were digested using 10 cm3 of a mixture of hydrochloric acid (HCl 
37%) and nitric acid (HNO3 69%) (1:4 ratio) while three different preparation routes were 
investigated for raw materials and iron- and steel-making dusts based on the information 
collected from the bulk chemical composition analysis. The first route requires 12 cm3 of 
aqua regia (HCl: HNO3; 3:1) and was used as reference. A mixture of HNO3, HCl and 
hydrofluoric acid (HF 40%) (5:1:2) was also considered to investigate the presence of 210Po in 
the silicate phases (Route 2). All solutions were evaporated to dryness and taken up in 12 cm3 
of aqua regia. During this operation, the HF / acid mixture fumes were controlled with a 
neutraliser system composed of a boric acid solution and a sodium hydroxide solution to 
neutralise HF and a final water solution containing methyl orange to indicate any excess of 
HF. The last preparation route consisted of burning the carbon off in an oven for 1 h at 550°C 
before digesting the residues with 12 cm3 of aqua regia to verify the presence of 210Po in the 
carbon phases (Route 3). A temperature of 550°C was chosen to enable the complete 
oxidation of carbon to CO2 whilst minimising the volatilisation of 210Po. 
 
All solutions were then evaporated to dryness and diluted in 30 cm3 of 10 M HCl. Iron (III), a 
major interference for the analysis of 210Po by alpha spectrometry was extracted from the 
concentrated hydrochloric acid solution using liquid-liquid extraction with 30 cm3 of di-
isopropylether.86 After extraction, the concentrated hydrochloric acid solutions were 
evaporated to dryness a second time and taken up in 100 cm3 of 0.5 M HCl. A 25.4 mm 
diameter fine silver disc (ESF005, CooksonGold, UK) was then placed inside each solution 
for 6 h at 80-90°C to allow the deposition of 210Po and 209Po using a customised glass holder 
(Yorlab, UK) (Figure II.5). 
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Figure II.5. Photograph of a fine silver disc and a customised glass holder 
 
 
 
All discs were then counted using an Alpha Ensemble 8 systems and an Octête Plus Alpha-
Spectrometer (ORTEC, USA) equipped with P-type (boron) passivated implanted planar 
silicon (PIPS) semi-conductive detectors (50V, 450 mm2 active area) (Figure II.6).  
 
Figure II.6. Photograph of one ORTEC detection chamber equipped with a PIPS semi-conductive 
detector 
 
 
 
Quantification of 210Po was achieved by comparison with the results for a known amount of 
209Po yield monitor following Equation C:  
 
[210Po] = (A209Po * CR210Po) / (CR209Po * m)                                       Eq. C 
 
where [210Po] is the activity concentration in Bq/g or Bq/kg, CR210Po and CR209Po are the count rates for 
210Po and 209Po respectively and m is the mass of material analysed in g or kg. 
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All detectors were calibrated with two certified radioactive sources (Isotrak, UK). The 
calibration source NK220 (150 Bq 237Np, 100 Bq 241Am and 100 Bq 244Cm) was counted for 
energy calibration and AMR21 (50 Bq 241Am) for efficiency calibration. 
 
2.7.2 Determination of 210Pb in iron- and steel-making materials 
 
2.7.2.1 The gamma spectrometry route 
 
The enhanced concentration of 210Pb present in waste gas dust materials generated from the 
iron ore sintering and blast furnace processes can directly be measured by gamma 
spectrometry. Although it is a relatively simple and rapid method requiring little sample 
preparation, it is hindered by the fact that the 46.5 keV gamma-ray emission of 210Pb is 
severely attenuated with the presence of high Z-elements such as lead and zinc and the bulk 
density of the sample. Several methods have been proposed in order to overcome the above 
constraints, both empirical and theoretical, some of which are non-destructive. In the simplest 
methods, the magnitude of self-attenuation of the 210Pb gamma photon may be determined 
directly either by measuring the transmission of 46.5 keV gamma photons from an adjacent 
210Pb source through the sample matrix or by counting increasing quantities of the same 
sample.88 Such approaches have been validated via comparison of experimental data with 
Monte-Carlo based modelling.89 The advantages of these methods are simplicity, speed and 
conservation of the sample. However, their effectiveness is dependent on geometry and 
sample homogeneity. Where a separate 210Pb source is used, this may itself suffer from self-
attenuation. 
 
In the approach used here, the bulk chemical composition information from XRF, LECO and 
LOI analytical methods described in 2.6.1 and the bulk density information were integrated in 
a correction model that compares count rates from target (unknown) samples with those 
obtained from an in-house reference material made of ultrapure hematite powder (Alpha 
Aesar, UK) spiked with a known amount of 210Pb (R22-02, NPL, UK). The mixture was dried 
in a desiccant for several days and homogenised. Each sample including the in-house hematite 
reference material was then transferred to a customised plastic holder and counted on a well 
type ORTEC Coaxial P-type High-purity Germanium (HPGe) detector (57.8 mm active 
diameter). Each sample, including the reference hematite, was analysed in uniform sample 
holders of 5 cm diameter, at a fixed position to the detector, using masses within the range 9.9 
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- 10.1 g to minimise geometry effects. Spectra were acquired and counts were recorded using 
Maestro-32 software (ORTEC, USA). Supplementary analyses were performed on larger 
samples to assess homogeneity. 
 
If the bulk density and chemical composition of the sample are known then the degree of 
attenuation for a specific sample matrix can be determined by summing component 
contributions. The total attenuation coefficient is directly proportional to the atomic number Z 
and density ρ of the sample and inversely proportional to gamma ray energy.  
 
When gamma radiation of intensity I0 passes through a sample of thickness L, the transmitted 
intensity I is given by Equation D: 
 
          I = I0 e-µL                           Eq. D 
 
where µ is the attenuation coefficient (expressed in units of inverse length). 
 
The degree of attenuation, A, can therefore be expressed in Equation E as: 
 
A = I/I0 = 1- e-µL               Eq. E 
 
The total mass attenuation coefficients μ/ρ for the reference material (hematite) and target 
samples were then obtained as follows: 
 
 µ/ρ = (Σ (µ i/ρ)) fi                 Eq. F 
 
where µ i/ρ is the mass attenuation coefficient of element i, fi is the elemental weighing fraction (%) 
and ρ is the sample density. 
 
The theoretical elemental attenuation coefficients at 46.5 keV were obtained by interpolating 
linearly between 40 and 50 keV and are presented in Table II.4.114 
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Table II.4. Theoretical elemental mass attenuation coefficients at 46.5 keV114 
Element µi/ρ (cm2/g) at 46.5 keV Element µi/ρ (cm2/g) at 46.5 keV 
C 0.194 Ca 1.303 
O 0.229 Mn 2.223 
Mg 0.385 Fe 2.543 
Al 0.438 Zn 3.764 
Si 0.530 Pb 10.250 
 
The main parameters and the detection principles are summarised and represented in Figure 
II.7. 
 
Figure II.7. Gamma spectrometry parameters and detection principles 
 
The proposed method is protracted owing to the requirement for supplementry analyses; 
however, the correction only needs to be applied once to derive a “fingerprint”, provided all 
samples are of similar composition and it also has the advantage of being non-destructive. 
 
2.7.2.2 The alpha spectrometry route 
 
As it is not possible to directly determine 210Pb accurately at low activities by gamma 
spectrometry, the solutions from 210Po analysis of stack emission filters and raw materials 
were kept for a minimum of three months to allow for 210Po in-growth from the decay of 
210Pb. Before storing the solutions for in-growth, a second silver disc was used to ensure the 
depletion of 210Po in each solution and therefore minimise the effect of unsupported 210Po or 
residual 210Po for the back calculation of 210Pb. After a minimum of 3 months, solutions were 
spiked with a known amount of 209Po tracer (R33-01, NPL, UK) and a third deposition was 
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performed following the same methodology described in 2.7.1. The back calculation of 210Pb 
is more complex and requires an understanding of the segment of the 238U decay chain 
starting from 210Pb shown in Figure II.8. The decay of 210Pb, 210Bi and 210Po in sequence is 
governed by their respective initial amounts and decay constants λ.115,116 The branching routes 
related to 206Hg and 206Ti are in extremely low percentages (lower than 10-5) and therefore 
were neglected in the calculation. 
 
Figure II.8. Segment of 238U decay chain starting from 210Pb 
 
 
 
 
 
 
 
 
If at time t = 0, NA,0 atoms of 210Pb, the numbers NA, NB for 210Bi and NC for 210Po which will 
be present a later time t, are given by the Equations G, H, I whereas the activities of individual 
radionuclides are given as AA = λA . NA, AB = λB . NB, AC = λC . NC 
 
 NA = NA,0 . e-λAt                                                                            Eq. G 
 
  NB = NA,0 . λA  .(e- λAt - e- λBt) / (λB - λA)                                                       Eq. H 
 
NC  = NA,0 .(                                                                                                                                    )   Eq. I                                                                                                                             
 
Using Equation I, the initial 210Pb activity can then be calculated using the 210Po in-growth 
activity. 
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2.7.3 Determination of 226Ra in iron- and steel-making materials 
 
2.7.3.1 The gamma spectrometry route 
 
The gamma spectrometry route was only used for blast furnace slag materials. Approximately 
10 g of blast furnace slag materials were first sealed in a plastic scintillation vial of 2.1 cm of 
diameter to prevent radon gas escape and allow equilibration between 214Bi, 214Pb and 222Rn. 
After a month, the samples were kept sealed in the same vial and
 
directly counted using the 
same HPGe detector and acquisition software described in 2.7.2.1. In contrast to the 210Pb 
gamma spectrometry method, the certified reference material (CRM) IAEA-434 
phosphogypsum was used as a reference material and the two main peaks of 214Pb and 214Bi, 
at 352 and 609 keV respectively, were used to indirectly determine the 226Ra activity 
concentration ranges present in blast furnace slag samples. The CRM IAEA-434 was 
collected from a processing plant in Gdansk (Poland) in 2003.117 Its main components are 
CaSO4.2H2O, P2O5, Fe, SiO2, and Al2O3 which present some similarities with the chemical 
composition of typical blast furnace slag materials. Although the photoelectric absorption 
process is not as dominant at energies above 200 keV, the bulk chemical composition 
information from XRF, LECO and LOI and the bulk density information was integrated in a 
correction model following the same approach described in section 2.7.2.1. The theoretical 
elemental attenuation coefficients at 352 and 609 keV were obtained by interpolating linearly 
between 300 and 400 keV and between 600 and 800 keV respectively. The mass attenuation 
coefficients of the most common elements found in blast furnace slag materials are presented 
in Table II.5.114 
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Table II.5. Theoretical elemental mass attenuation coefficients at 352 and 609 keV114 
Element µi/ρ (cm2/g) at 352 keV µi/ρ (cm2/g) at 609 keV 
H 0.1998 0.1590 
O 0.1011 0.0803 
Mg 0.0985 0.0794 
Al 0.0983 0.0776 
Si 0.1019 0.0803 
Ca 0.1044 0.0810 
Ba 0.1565 0.0834 
P 0.0993 0.0781 
S 0.1026 0.0806 
 
The 214Pb and 214Bi activity concentrations were finally averaged to determine the 226Ra 
activity concentration of each sample. The main parameters and the detection principles are 
summarised and represented in Figure II.9. 
 
Figure II.9. Gamma spectrometry parameters and detection principles 
 
2.7.3.2 The alpha spectrometry route 
 
Several preparation routes were investigated for the determination of 226Ra in iron ore and 
blast furnace slag materials by alpha spectrometry. The first tests required tedious chemical 
procedures and consisted of co-precipitating 226Ra and 133Ba with a small amount of barium 
sulphate following several separation steps.118 Each sample was first spiked with a known 
amount of 133Ba using a certified reference solution supplied by NPL, UK to allow the 
determination of the chemical yield by gamma spectrometry using its peak at 356 keV.  
Sample weight: m = 10.0 ± 1.0 g 
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Samples were first digested in a microwave system (Mars 5, CEM, USA) using 12 cm3 of 
aqua regia. The digests were filtered and the solutions evaporated to dryness and diluted in 15 
cm3 of 9 M HCl. The samples were then eluted through an anion exchange resin column 
(Dowex 1X4, 50 - 100 mesh, USA) pre-conditioning with 5 cm3 of 9 M HCl. This step 
retained the potential interferences such as Po and U isotopes. The concentrated hydrochloric 
acid eluates were evaporated to dryness and the residues were dissolved in 15 cm3 of 8 M 
HNO3. The samples were then eluted through another anion exchange resin column (Dowex 
1X4, 50 - 100 mesh, USA), pre-conditioned with 5 cm3 of 8 M HNO3, to retain potential 
interferences from thorium interferences. The concentrated nitric acid eluates were collected 
and evaporated to dryness and the residues were taken up in 15 cm3 of 0.1 M HCl. The 
solutions were directly eluted through a cation exchange resin column (Dowex 50W-X2, 50 - 
100 mesh, USA). A wash was performed using 70 cm3 of 0.1 M HCl, and Ra and Ba were 
eluted using 40 cm3 of 6 M HCl. The first steps of the sample preparation are displayed in 
Figure II.10.  
 
The concentrated hydrochloric solutions were evaporated to dryness and the residues were 
taken up in 5 cm3 of a solution of sodium sulphate (40%). Then, 0.1 g of barium chloride was 
added and 50% (v/v) acetic acid was added to adjust the pH around 4 - 5 to optimise the 
precipitation process. The solutions were filtered by vacuum filtration and each precipitate 
was retrieved on a polypropylene filter (Whatman, 25 mm diameter, 0.2 μm porosity) and 
rinsed with few cm3 of a solution of 80% (v/v) ethanol. The precipitates were then dried prior 
to analysis. The precipitation process is summarised in Figure II.11.  
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Figure II.10. Schematic representation of the first sample preparation approach 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure II.11. Schematic representation of the first Ba(Ra)SO4 precipitation and filtration approaches 
 
 
 
Some difficulties were encountered along the preparation steps. Indeed the presence of high 
concentrations of iron seemed to disturb the elution steps and the filtration step by 
precipitating with Na2SO4. Iron was then removed from the solution by precipitating it with 
10 cm3 of concentrated ammonia and centrifuging for 20 minutes at 6,000 rpm (Z206A, 
Hermle, Germany). The recovery of 226Ra using this iron removal technique was primarily 
checked by gamma spectrometry and found to be greater than 90%. The remaining solution 
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was then taken up to nearly 50 cm3 with deionised water and adjusted to pH 5 - 6 with 5 cm3 
of acetic acid. The amount of Ba(Ra)SO4 precipitated was reduced by adding less than 10 mg 
of Na2SO4 and only few crystals of BaCl2. The filtration was first undertaken using a system 
was originally developed for concentrating, desalting and purifying biological solutions 
separation cell (Amico, EMD Millipore, USA). The cell was prepared with a polypropylene 
filter medium (Whatman, ~ 37 mm diameter, 0.2 μm porosity) and nearly 1.5 bar pressure of 
nitrogen gas was applied to ease the filtration. The filtration system is illustrated in Figure 
II.12. All filters were then washed with few cm3 of ethanol prior to radiometric analysis. 
 
Figure II.12 Photograph of a EMD Millipore Amico separation cell 
 
 
 
 
 
 
 
 
 
 
 
The radiochemical yield Y was determined by comparing the gamma count rate from a blank 
filter spiked with 5 Bq of 133Ba and dried under UV lamp for one hour and the count rate from 
unknown samples. The 226Ra activity concentration in the sample was then determined using 
Equation J:  
 
Eq. J 
 
where CR is the net count rate, Ed is the alpha detector efficiency, Y is the radiochemical yield 
determined by gamma spectrometry using the 133Ba peak at 356 keV and m is the mass of sample 
analysed in gram. 
 
Unfortunately, the results from these tests did not lead to any conclusive results. The high 
concentration of calcium present in blast furnace slag materials seemed to be an additional 
CR
Ed * Y * m
A226Ra =
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obstacle in the preparation of a suitable precipitate for analysis. Indeed, the additional 
formation of gypsum precipitate as can be seen in one of the samples presented in Figure II.13 
increased the amount of material collected onto the filter substrates and thus reduce the 
chemical yield of this method. 
 
Figure II.13. Photograph of samples taken after addition of Na2SO4 and BaCl2 
 
 
 
Although high grade iron ores used in the UK steel industry contain low concentrations of 
calcium, low chemical yields were observed, implying the need to optimise the preparative 
steps and investigate two separate routes for iron ore and blast furnace slag materials.  
 
Consequently, final tests were carried out in collaboration with NPL (Teddington, UK) in 
November 2016. Approximately 0.5 g of several iron ore materials were first digested in 
duplicate in a microwave system (Mars 5, CEM, USA) using 12 cm3 of aqua regia. Each 
sample digest was transferred into a 50 cm3 graduated Falcon tube, diluted to 30 cm3 using 
deionised water and finally spiked with approximately 1 Bq of radium-223 (223Ra; t1/2: 11.4 
days). Radium-223 is generally used in radiopharmaceutical applications to treat metastatic 
cancers in bone.119 Although its relatively short half-life is a limiting factor for its use as 
tracer in alpha spectrometric applications, its allows the direct determination of chemical yield 
by alpha spectrometry. In order to extract iron from the solutions from iron ore digestions, 10 
cm3 of concentrated ammonia was added. The solutions were then centrifuged for 2.5 minutes 
at 6,000 rpm (Z206A, Hermle, Germany) and the supernatant was passed through a filter 
paper. The duplicate samples were recombined in a beaker. The solutions were acidified using 
5 cm3 of acetic acid to ensure an acidic pH. Then, 3 g of ammonium sulphate (NH4)2SO4 and 
0.1 cm3 of a solution of barium chloride (BaCl2) at 0.75 µg/cm3 were added to initiate the 
precipitation of Ra(Ba)SO4. The solutions were finally stirred manually to ensure the 
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complete dissolution of (NH4)2SO4 and were transferred to funnel units pre-packed with 
Resolve® filters of 0.1 µm porosity and 25 mm diameter (Eichrom, USA), pre-conditioned 
with 5 cm3 of ethanol (80%) (see Figure II.14). Resolve® filters are specifically designed to 
prepare alpha sources uniformly and maximise the analyte recovery onto the filter. 
 
Figure II.14. Photograph of Eichrom Resolve® filters prepacked in disposable funnel units  
 
 
 
 
 
 
 
 
 
After eluting the entire solution, the precipitates collected on the filters were dried under a 
heat lamp for 1 h and mounted onto a stainless steel disc of 25 mm diameter (Triskem, 
France) as can be seen in Figure II.15.  
 
Figure II.15. Picture of a mounted Resolve® filter onto a stainless steel disc 25 mm diameter 
 
 
 
All discs were then counted for 250,000 seconds using an Alpha Ensemble 8 systems 
(ORTEC, USA) equipped with PIPS detectors (450 mm2 active area). The quantification of 
226Ra was achieved by comparison with the results for a known amount of one of the decay 
product of 223Ra, polonium-215 (215Po) using the following equation:  
[226Ra] = (A215Po * CR226Ra) / (CR215Po * m)                                       Eq. K 
 
where [226Ra] is the activity concentration in Bq/g or Bq/kg, CR226Ra and CR215Po are the net count rates 
for 226Ra and 215Po respectively and m is the mass of material analysed in g or kg. 
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In parallel, the adsorption route using MnO2-coated discs (Ra-Nucfilm, GmbH, Switzerland) 
was specifically investigated and applied to selected blast furnace slag materials.94 
Approximately 1 g of blast furnace slag materials was split into four fractions of 0.5 g and 
each portion was digested in a separate microwave vessel (Mars 5, CEM, USA) using 12 cm3 
of aqua regia. The quadruplicate samples were filtered and directly recombined in a beaker. 
Each recombined solution was diluted to 400 cm3 using deionised water. The pH was adjusted 
to 6 - 8 using between 10 and 15 cm3 of a 50% solution of sodium hydroxide (NaOH), as 
recommended for optimising the deposition.99 Approximately, 2.3 g of 
ethylenediaminetetraacetic acid disodium salt dehydrate (Na2EDTA,2H2O) was added to 
complex with Ca2+ and minimise adsorption competition with Ra2+. The pH was readjusted to 
6 - 8 using few drops of the same 50% NaOH solution. A 24.5 mm diameter MnO2-coated 
disc was finally placed inside each solution for 48h at ambient temperature  and under stirring 
to allow the deposition of 226Ra. All discs were then counted for 250,000 seconds using an 
Alpha Ensemble 8 system and an Octête Plus Alpha-Spectrometer (ORTEC, USA) equipped 
with P-type PIPS detectors (450 mm2 active area). The quantification of 226Ra was achieved 
by comparison with a reference 226Ra source prepared by spiking 1 Bq of standardised 226Ra 
solution (NPL, UK) in 400 cm3 with deionised water and performing the same deposition 
procedure described above. The quantification of 226Ra was then achieved by direct 
comparison with the count rate of the reference source assuming the same deposition kinetic 
and yield recovery. All detectors were calibrated with certified radioactive sources. The two 
final preparation routes described in this section are schematically represented in Figure II.16. 
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Figure II.16. Schematic representation of the final sample preparation approach investigated for iron 
ore and blast furnace slag materials for alpha spectrometric analysis 
 
 
 
2.7.4 Determination of 238U in iron- and steel-making materials 
 
The focus was initially made on the analysis of seven different iron ores currently used in the 
two UK integrated steel-making plants. Then stack emission particulates, other raw materials 
and iron- and steel-making dusts were analysed following the same method. The ICP-MS 
technique was selected to quantify this radioelement by mass. All iron ores were digested with 
12 cm3 of aqua regia using the same microwave-assisted digestion system and procedure 
described in 2.6.3. When cool, the digested solutions were transferred into 50 cm3 Falcon® 
tubes and diluted to 50 cm3 by rinsing microwave vessels with deionised water. A final 
dilution per 20 using 10 cm3 flasks was then carried out prior to analysis by ICP-MS (7500ce, 
Agilent, USA) in standard mode. A certified stock solution PLU2-2X (SPEX CertiPrep, USA) 
with a concentration of 1000 mg/kg of uranium was used to prepare external calibration 
standards ranging from 0 to 500 µg/kg. 81 µg/kg of uranium is equivalent to 1 Bq 238U/kg 
assuming a natural abundance of 238U (99.3%) in the standard solution and based on the 
specific activity of 238U approaching 12.5 kBq/g. 
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2.8 Validation and quality control 
 
2.8.1 210Po and 210Pb 
 
As part of a quality control programme and to support accreditation according to the EN 
IEC/ISO 17025:2005 for 210Po and 210Pb, each batch of samples contained at least one 
reference material to validate the results.34 As there are currently no suitable and traceable 
CRMs available, several reference materials (RMs) were developed internally. One iron ore 
and one waste gas dust from the iron ore sintering process (sinter dust) were selected to be 
developed as RMs for the 210Po and 210Po in-growth methods and the same sinter dust along 
with a sample of high zinc waste dust material from the blast furnace gas cleaning system in 
plant A, also named blast furnace hydrocyclone overflow (BFHCOF), were selected for the 
210Pb method by gamma spectrometry. For batches of stack emission filters, one blank filter 
was spiked with a known amount of a certified 210Pb standard solution (R22-02, NPL, UK) 
and used as a reference for validating 210Po and 210Po in-growth results. Shewhart control 
charts showing averages from historical data as baselines and ± 2σ, ± 3σ as upper and lower 
limits were also considered to monitor and control the quality of the results throughout my 
project. A pilot intercomparison exercise in collaboration with 5 UK based UKAS accredited 
radioanalytical laboratories was also organised to demonstrate the analytical challenges 
encountered when measuring both radioisotopes in industrial NORM including iron- and 
steel-making materials and validating radioanalytical methods in the absence of suitable 
CRMs. The zeta and z-score tests were used to determine whether the difference between the 
results obtained from the methods used in this project and the others were statistically 
significant. The deviation D from each laboratory value was calculated from Equation L: 
 
   D = (L-N) / N                                                                       Eq. L 
 
The standard uncertainty (k=1) uD of the deviation was calculated from Equation M: 
 
uD = L / N * ((uL/L)2 + (uN/N)2)1/2                                                                              Eq. M 
 
The quantities zeta ζ and the z-score were calculated from Equation N and O respectively:  
 
ζ = (L-N) / (uL2 + uN2)1/2                                                        Eq. N     
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z = (L – N) / σP                                                                 Eq. O 
 
where L is the value from a laboratory participant in Bq/kg or Bq/g, N is the reference value obtained 
from the method used in this project in Bq/kg or Bq/g, uL is the standard uncertainty of the value from 
the laboratory participant in Bq/kg or Bq/g, uN is the standard uncertainty from the reference method 
in Bq/kg or Bq/g and σP is the standard uncertainty set up for the assessment in Bq/kg or Bq/g. 
 
An agreement was validated when the absolute values of both the zeta and z-scores were 
lower than 2.576. A factor of 0.05823 was used to the standard uncertainty σP for the z-score, 
which corresponds to a ratio of 0.15 (15% deviation) to 2.576. In other words, a laboratory 
value was considered in agreement with the reference value with a deviation D having an 
absolute value of up to 15%. The robustness of the methods developed in this project were 
also evaluated with the analysis of two CRMs: IAEA-384 marine sediment and IAEA-434 
phosphogypsum (IAEA, Austria) and tested by participating in an inter-laboratory study 
organised by NPL in 2012 looking at a sewage sludge sample from the water industry. 
 
2.8.2 226Ra and 238U 
 
The first step of the validation process consisted of comparing the 226Ra and 238U activity 
concentrations obtained in several iron ores following the methodologies described in sections 
2.7.3.2 and 2.7.4 with their respective 210Po activity concentrations obtained from the 
validated and accredited ISO 17025 alpha spectrometry methodology described in section 
2.7.1. Indeed, iron ores exhibit different activity concentrations depending on their 
geographical source but are expected to be in secular equilibrium as they are not thermally or 
chemically altered. Thus the ratios of activities between the parent (238U) and each of its 
daughters within the decay chain should be a constant and equal to 1. The validity of the 226Ra 
alpha spectrometric method was extended to blast furnace slag materials by comparing with 
results from the gamma spectrometry technique described in section 2.7.3.1. Contrary to 210Po 
and 210Pb, the CRM IAEA-434 presents a relatively similar texture and chemical composition 
observed in blast furnace slag materials. This CRM was therefore selected to validate the 
gamma spectrometric method and demonstrate the robustness of the newly developed 
methodologies for the determination of 226Ra and 238U in other steel-making materials such as 
blast furnace slag materials. The calculated limits of detection and uncertainties associated 
with all methods presented in this chapter are detailed in Appendix I and II, respectively. 
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Chapter III Characterisation of iron- an steel-making materials 
 
3.0 Abstract 
 
In the first part of this research project, the analytical and radioanalytical methodologies 
described in chapter II were used to accurately determine 238U and its key decay products, 
226Ra, 210Pb and 210Po in a wide range of iron- and steel-making materials by using reference 
materials, by checking with results obtained from a different method or by comparing another 
radionuclide of interest when secular equilibrium could be confirmed. Two separate 
radioanalytical methods for the measurement of 210Po and 210Pb were initially developed and 
accredited by the United Kingdom Accreditation Service (UKAS) according to the EN 
IEC/ISO 17025:2005. The bulk chemical composition and mineralogy were investigated to 
assess the suitability of using different acid mixtures when preparing raw and revert materials 
used in the iron ore sintering and blast furnace processes for 210Po analysis by alpha 
spectrometry. This information was also used to calculate mass attenuation coefficients in 
order to determine 210Pb activity concentration by gamma spectrometry. The results obtained 
for a solid reference material (RM) collected in 2013 at one UK blast furnace gas cleaning 
plant as well as for lead-rich deposits from the natural gas industry demonstrated the 
importance of using this approach when measuring a low energy gamma-emitter such as 210Pb 
in dense materials containing high atomic number elements. Some 210Pb results were also 
obtained via 210Po in-growth and were found to be in agreement with the results obtained 
from this gamma spectrometric approach, reinforcing its validity. Uranium-238 was measured 
by ICP-MS by referring to the method designed originally for measuring trace metals in iron- 
and steel-making materials using aqua regia. The approach was validated for iron ore 
materials by comparing with their respective 210Po and 210Pb activity concentrations, knowing 
they were in secular equilibrium. The method was further tested and validated for slag 
materials using the certified reference material (CRM) IAEA-434 phosphogypsum developed 
by the International Atomic Energy Agency (IAEA). In contrast to 210Po and 210Pb, 238U did 
not seem to concentrate in the dusts from the iron ore sintering process despite enhanced 
concentration of fluorides observed in these materials. Different radioanalytical routes were 
investigated for measuring 226Ra in iron- and steel-making materials. Similarly to the 
validation strategy employed for 238U, the initial idea was to focus first on iron ore materials 
and compare the results with their respective UKAS accredited 210Po and 210Pb results. With 
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support from the UK National Physical Laboratory (NPL), a specific radium isotope, 223Ra, 
was used to quantify 226Ra directly by alpha spectrometry. Some of the results from this 
approach were promising, showing an agreement with their respective 210Po/210Pb activity 
concentrations. Two separate approaches were developed for measuring 226Ra in blast furnace 
slag materials, expected to contain enhanced amounts of 226Ra. Radium-226 was measured 
indirectly by gamma spectrometry using its decay products 214Bi and 214Pb and directly by 
alpha spectrometry using MnO2-coated discs. Although the results obtained from the 
conventional gamma spectrometric route could not be fully validated, a slight enhancement of 
226Ra in blast furnace slag materials could still be confirmed.  
 
3.1 Iron ore sintering stack emission 
 
3.1.1 Partitioning of 210Po and 210Pb between particulate and gas phase 
 
In order to verify the assumption that the radioactive species are predominantly found in the 
particulate phase, studies were carried out to determine the degree of partitioning of 210Po and 
210Pb between the particulate and the gas phase in sinter plant emissions using BS EN 14385 
(Section 2.1.2), which affords discrimination between particulate-bound and gas phase 
metals.76 The results obtained at sinter plant A clearly indicated that both 210Po and 210Pb were 
predominantly present in the particulate phase in sinter plant emissions. As can be seen from 
Table III.1, 210Po and 210Pb activities found in the gas phase ranged from 0.0006 to 0.005 
Bq/m3 and from 0.003 to 0.008 Bq/m3, respectively.  
 
These concentrations equate to there being only 0.01 to 0.13% (210Po) and 0.23 to 0.66% 
(210Pb) of the total emission activity present in the gas phase. At sinter plant B, 210Po activities 
found in the gas phase for the two samples collected were 0.007 and 0.024 Bq/m3, equating to 
only 0.07% and 0.19% of the total 210Po activity present in each sample. Similarly, 210Pb 
activities found in the gas phase were 0.028 and 0.038 Bq/m3, equating to 0.42% and 0.46% 
of the total 210Pb activity. The results showed excellent agreement with those obtained at 
sinter plant A. Thus, on average, approximately 99.9% and 99.5% of 210Po and 210Pb, 
respectively, were associated with the particulate matter in the emission. The results of this 
study demonstrated that 210Po and 210Pb were present in the particulate phase in sinter plant 
emissions and therefore that the use of BS EN 13284-1 (section 2.1.2) could be justified for 
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the sampling of sinter plant emissions. This work benefitted from collaboration with the 
regulatory authorities who then confirmed that best practicable means were used to measure 
and control the UK sinter plant stack emissions of 210Po and 210Pb. 
 
Table III.1. Partitioning of 210Po and 210Pb in emission samples collected using the British Standard EN 
14385 at sinter plants A and B 
 
Activity (Bq/Nm3, dry) 
210Po 210Pb 
Sinter Plant A   
Test 1 (Particulate) 4.0 [99.99%] 1.1 [99.73%] 
Test 1 (Gas phase) 0.0006 [0.01%] 0.003 [0.27%] 
Test 2 (Particulate) 4.5 [99.93%] 1.3 [99.77%] 
Test 2 (Gas phase) 0.003 [0.07%] 0.003 [0.23%] 
Test 3 (Particulate) 3.9 [99.87%] 1.2 [99.34%] 
Test 3 (Gas phase) 0.005 [0.13%] 0.008 [0.66%] 
Sinter Plant B   
Test 1 (Particulate) 10.01  [99.93%] 6.7   [99.58%] 
Test 1 (Gas phase) 0.007  [0.07%] 0.028  [0.42%] 
Test 2 (Particulate) 12.65  [99.81%] 8.2  [99.54%] 
Test 2 (Gas phase) 0.024 [0.19%] 0.038  [0.46%] 
 
 
3.1.2 Comparison between 210Po, 210Pb and 238U 
 
Two batches of stack emission filters were collected in 2013 at both UK sinter plants 
following the requirement of BS EN 13284-1 (section 2.1.2), in order to compare the 
concentrations of 210Po, 210Pb and 238U. As can be shown in Table III.2, the concentrations of 
210Po, 210Pb and 238U ranged between 58,160 and 256,900 Bq/kg, between 13,690 and 106,100 
Bq/kg and between 5 and 24 Bq/kg, respectively. This study clearly demonstrated that 238U 
was not concentrating in the iron ore sintering process by contrast with 210Po and 210Pb. 
Indeed, a factor of approximately 104 could be observed between 210Po and 238U.  
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Table III.2. 210Po, 210Pb and 238U activity concentration in stack emissions from the two UK sinter 
plants 
Stack emission 210Po (Bq/kg) 210Pb (Bq/kg) 238U (Bq/kg) 
Sinter Plant A 58,160 - 117,870 (n=6) 13,690 - 27,790 (n=6) 5 - 15 (n=3) 
Sinter Plant B 167,500 - 256,900 (n=7) 61,140 - 106,100 (n=7) 14 - 24 (n=3) 
 
 
3.2 Raw, revert and waste dust materials 
 
3.2.1 Bulk chemical composition  
 
The bulk chemical composition of the main raw materials used in iron ore sintering and the 
three RMs are presented in Table III.3. Some significant differences in the bulk chemical 
composition of the materials considered were observed, especially the proportions of iron, 
calcium, silicon and carbon (& LOI). The content of silica for all materials ranged from 2.4 to 
7.1% except for olivine with approximately 40%. The LOI (carbon forms and water bound 
materials) ranged up to 84.5%. Different proportions of coke are being used in the iron 
sintering plant and in the blast furnace, which explains the wide range of LOI. Limestone also 
presents high carbon content as carbonate. The carbon content of RM BFHCOF was found to 
be equal to its iron content whilst the carbon content in RM sinter dust only represented 5% of 
its total weight. 
 
Table III.3. Bulk chemical composition of iron-making materials 
Component (%)a Fe2O3 CaO SiO2 MnO Al2O3 MgO P2O5 K2O TiO2 
RM iron ore 95.8 0.61 2.4 0.1 0.36 0.84 0.06 0.06 0.20 
High grade iron ore 93 0.05 3.3 0.64 1.1 0.08 0.05 0.03 0.06 
Olivine 8.6 0.4 40.9 0.11 0.47 48 0.02 0.04 0.01b 
Limestone 0.3 53.9 2.5 0.05 0.37 0.38 0.07 0.06 0.02 
Coke 2.3 1.2 6.7 0.06 3.4 0.27 0.12 0.22 0.19 
RM sinter dust 64.3 10.9 5.7 0.5 1.6 1.63 0.10 1.0 0.10 
RM BFHCOFc 38.6 4.1 6.9 0.31 3.1 1.1 0.16 0.48 0.13 
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Table III.3. Cont. 
Component (%)a Na2O Cr2O3 Zn Pb Ni S C LOI TOTALd 
RM iron ore 0.08b 0.02 0.01b 0.01b 0.02 0.01b 0.1b 0.01 100.6 
High grade iron ore 0.08b 0.01b 0.01b 0.01b 0.01b 0.01b 0.1b 1.78 100.2 
Olivine 0.08b 0.35 0.01b 0.01b 0.26 0.01b 0.1b 1.29 100.6 
Limestone 0.08b 0.01b 0.01b 0.01b 0.01b 0.01b 11.2 42.6 100.4 
Coke 0.1 0.02 0.01b 0.01b 0.01b 0.6 80.9 84.5 99.7 
RM sinter dust 0.12 0.04 0.02 0.12 0.01b 0.5 4.6 12.6 99.3 
RM BFHCOFc 0.1 0.02 1.8 0.53 0.01b 0.75 37 42.4 100.5 
a Conventional representation of elements as simple oxides except for Zn, Pb, Ni, C and S 
b Limit of detection (LOD) (see Appendix I), assumed to be equal to LOD for summation 
c Blast furnace hydrocyclone overflow fraction 
d Sum of elements including LOI but excluding C 
 
3.2.2 Comparison of sample preparation techniques for the determination of 210Po  
 
The aim of this study was initially to assess the suitability of using aqua regia for preparing 
the wide range of raw materials entering the iron ore sintering process for 210Po analysis by 
alpha spectrometry. As can be seen in Figure III.1, agreement was observed for both iron ore 
and limestone materials but not for the olivine and coke samples. Olivine is a silicate and the 
disagreement between Route 1 using aqua regia and Route 2 using HF demonstrated the 
presence of 210Po in its silicate phases. A difference of nearly 50% was observed between 
Routes 1 and 3 for the coke material, also suggesting the presence of 210Po in carbon phases 
undigested by aqua regia. Figure III.2 presents the enhanced 210Po activity concentrations 
found in RM sinter dust and RM BFHCOF where the same digestion routes were tested. 
Agreement was observed for both RMs suggesting that addition of HF or pre-heating of the 
sample was not necessary to determine 210Po in those materials.  
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Figure III.1. Comparison of 210Po activity concentrations in raw materials used in the iron ore sintering 
process using different digestion routes 
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Figure III.2. Comparison of 210Po activity concentrations in RM sinter dust and RM BFHCOF using 
different digestion routes 
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  Absolute uncertainty k=2  (see Appendix II) 
 
3.2.3 Determination of 210Pb by gamma spectrometry using the bulk chemical 
composition information  
 
The total mass attenuation coefficients, μ/ρ, and degree of attenuation, A, for the reference 
material (hematite) and other RMs are presented in Table III.4. They were calculated using 
Equations C and D presented in Chapter II, and the bulk chemical composition information 
from XRF and carbon-sulphur analysis. The total attenuation coefficients ranged from 1.01 to 
1.85 and their associated degrees of attenuation from 0.65 to 0.78. 
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Table III.4. Bulk chemical composition of reference materials and associated mass attenuation 
coefficients 
Component 
fraction (%) 
Reference 
Hematitea 
RM sinter dust RM BFHCOF 
Fe2O3 98.2 64.3 38.6 
SiO2 0.05b 5.7 6.9 
CaO 0.05b 10.9 4.1 
Al2O3 0.05b 1.6 3.1 
MgO 0.05b 1.6 1.1 
MnO 0.05b 0.5 0.3 
Zn 0.01b 0.02 1.8 
Pb 0.01b 0.12 0.53 
C 0.1b 12.6 42.4 
S 0.01b 0.5 0.8 
µ/ρ (cm2/g) 1.85 1.41 1.01 
A 0.65 0.70 0.78 
               a Ultrapure hematite powder spiked with a known amount of 210Pb using a certified reference solution 
               R22-02 (NPL, UK) 
               b LOD (see Appendix I), assumed to be equal to LOD for determination of the attenuation coefficient   
 
The activity concentrations of 210Pb in the two RMs were calculated with and without 
attenuation correction (Table III.5). The 210Pb activity concentrations for the RM sinter dust 
with and without attenuation correction were compared with the 210Po activity concentration; 
the latter being in secular equilibrium (older than two years). A significant underestimation of 
210Pb was noticed for RM BFHCOF when not considering matrix attenuation correction 
demonstrating the importance of using this approach when measuring a low energy gamma-
emitter such as 210Pb in dense materials containing high Z elements. 
 
Table III.5. 210Pb activity concentrations in the two reference materials with and without (*) 
attenuation correction 
 
210Pb (Bq/g) 210Pb (Bq/g)* 210Po (Bq/g) 
RM sinter dust 1.05 0.95 1.05 
RM BF dust 7.20 3.24 5.32 
 
It is conventional to represent the bulk composition of complex oxide materials in terms of 
the simple oxides of the constituent elements. However, this does not imply that the product is 
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composed of a mixture of such simple compounds. It is simply used as a convenient mean to 
represent the overall elemental composition of the materials with each element concentration 
expressed in the form of its stable oxide to calculate their respective attenuation factors. 
Indeed, as it is shown in Table III.6, the XRD-Rietveld analysis of the two RMs revealed that 
iron, calcium and silicon were present in different and complex mineral phases. 
 
Table III.6. Semi-quantitative analysis of the mineral phases of the two reference materials 
Sample RM sinter dust RM BFHCOF 
Mineral phase Prop. % Prop. % 
Amorphous 9.3 49.7 
Goethite FeOOH 3.3 0 
Hematite Fe2O3 48.8 20 
Magnetite Fe3O4 3.9 9 
Wuestite  FeO 0.2 2.5 
SFCA  Ca3(Fe,Al,Si)11O20 5.5 1.6 
SFCA I  Ca3(Fe,Al,Si)17O28 1.6 4.1 
SFCA II Ca5(Fe,Al,Si)3O48 1.5 0.9 
Ca_Ferrite CF2 Ca4Fe15O25 0 1.1 
Ca_Ferrite β-CF2 Ca4Fe15O25 0 0.1 
Ca_Ferrite  γ-CF2 Ca4Fe15O25 2.6 0.3 
Ca_Ferrite CF CaFe2O4 0.3 0 
Ca_Ferrite CWF CaFe3O5 0.2 0.1 
Brownmillerite C2F Ca2Fe2O5 1.3 0 
Larnite Ca2SiO4 2.1 1 
Metallic Iron Fe 0 0.3 
Quartz SiO2 13.3 4.2 
Calcite CaCO3 0 0.2 
Dolomite CaMg(CO3)2 3.1 2.8 
Anhydrite CaSO4 1.3 1.9 
Sylvite KCl 1.8 0.6 
       SFCA: Silicoferrites of calcium and aluminium 
 
As expected, the main minerals in the RM sinter dust were hematite and magnetite but also 
different calcium-ferrites phases. Nearly 10% of amorphous material was also found. The RM 
BFHCOF was also found to be composed of iron oxide phases, higher in reduced forms such 
as wuestite and magnetite and with a dominant fraction being amorphous. When comparing 
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the amorphous fraction from XRD analysis with the total carbon fraction for both materials, it 
was possible to confirm the amorphous mineral fraction was mainly composed by amorphous 
carbon. The use of the attenuation coefficient of elemental carbon to represent this unknown 
mineral fraction in the calculation of the total attenuation effect was therefore justified. The 
sum of all mineral phases containing the element iron was found to be around 69% for the 
RM sinter dust and 40% for the RM BF corresponding to the default iron oxide fraction 
quantified by XRF for these two materials. Therefore, to simplify the calculation of the total 
attenuation factor for a given material, the default “hematite” fraction from XRF analysis was 
used to represent the attenuation effect from all mineral phases containing iron although a 
more complex approach could be used when XRD-Rietveld analysis is available. 
 
As the XRD-Rietveld and bulk chemical composition analysis could not be ensured for all 
unknown materials, default coefficients were developed between 2012 and 2015 for all iron- 
and steel-making materials containing enhanced concentration of 210Pb, such as the waste gas 
dusts from the iron ore sintering process and dusts and slurries from the different UK blast 
furnaces. A specific coefficient was also developed for BOS slurry from plant A as this 
material is currently combined with BFHCOF produced from the same steelworks to prepare 
a suitable feedstock material for the cement industry (see Chapter IV). All coefficients are 
summarised and presented in Table III.7. 
 
Table III.7. Mass attenuation coefficients for each type of iron- and steel-making material presenting 
enhanced 210Pb concentration 
Type of material µ/ρ (cm2/g) 
Sinter dust 1.47 ± 0.11 (n=17) 
BF coarse dust 0.94 ± 0.27 (n=12) 
BFHCOF 1.12 ± 0.14 (n=42) 
BFHCUF 0.89 ± 0.27 (n=8) 
BOS slurry 1.73 ± 0.17 (n=14) 
               Absolute uncertainty k=2 (see Appendix II) 
 
A single mass attenuation coefficient was created for all types of BF coarse dust from both 
UK integrated steel-making plants, which explains the wide 95% confidence interval. High 
variability was also observed for the blast furnace hydrocyclone underflow (BFHCUF) 
material produced in plant A but less than 10 samples were analysed and material 
management significantly changed between 2012 and 2015 with the restart of a third blast 
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furnace in 2014. In contrast, low variability was observed for sinter dust even though high 
variability was expected as dusts from both UK iron ore sintering processes were combined to 
produce a single coefficient for this material. Low variability of the bulk chemical 
composition of BFHCOF and BOS slurry was also observed. The highest default mass 
attenuation coefficient was calculated for BOS slurry. Although BOS slurries contain less 
zinc and lead than BF materials, they are almost free of carbon and contain on average 80% of 
iron which explains the high total mass attenuation coefficient associated with this material. 
 
The work on 210Po and 210Pb was presented in a poster at the ERA12 symposium on nuclear & 
environmental radiochemical analysis held in Bath in September 2014 and was awarded best 
poster presentation (see Appendix III). A written paper was also accepted for publication in a 
peer reviewed conference book by the Royal Society of Chemistry (RSC) (Appendix IV). A 
summary of all attenuation coefficients is presented in Appendix V. 
 
3.2.4 Investigation of optimal conditions for determining 210Pb via 210Po in-growth 
in iron- and steel-making materials 
 
In this study, the RM sinter dust and the RM iron ore were analysed in triplicate to investigate  
the optimum number of depositions required for depleting 210Po from the solution before in-
growth, the optimal in-growth duration and to determine whether the number of deposition 
was dependant on the sample nature. Because of the nature of the stack sampling 
methodology, it was not possible to obtain a single filter sample with a large amount of 
deposit for multiple tests. Thus three blank filters were also spiked with a known amount of 
210Pb to represent real particulate emission samples. For each type of sample, two, three and 
four depositions were carried out prior to a fixed 3-month in-growth period. Each disc was 
analysed by alpha spectrometry following the methodology described in chapter II. Figure 
III.3 summarises and displays the normalised 209Po recovery percentages for the three sets of 
RMs and filters. The detected 209Po count rates were compared with the initial spiked 
activities and were normalised as recovery percentages. According to Figure III.3, the 209Po 
recovery significantly decreased after each additional deposition step. The trend lines showed 
an exponential decrease to the powers of -2.6, -2.9 and -2 for RM sinter dust, RM iron ore and 
filter respectively, indicating a majority of 209Po was deposited on the first disc. The mean 
recovery values for the second disc were below 5% for the two RMs but for filter samples, 
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which generally exhibit higher activities in real situations, a recovery below 5% was only 
observed after a third deposition. The final solutions after four depositions for all materials 
showed negligible amounts of 209Po. Following the results from this investigation, it was 
decided to apply at least two depositions for solid iron- and steel-making materials and three 
depositions for emission samples to minimise the effect of residual 209Po and 210Po residues in 
the back calculation of 210Pb from 210Po in-growth. 
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Figure III.3. Normalised 209Po recovery percentages for the RM sinter dust, RM iron ore and filter materials 
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3.3 Blast furnace slag and liquid iron products 
 
3.3.1 Bulk chemical analysis  
 
A sample of slag and liquid iron produced from one of the three blast furnaces in operation at 
plant A were collected in 2013 to determine their typical bulk chemical composition in order 
to define the most suitable preparation for analysis by alpha spectrometry and ICP-MS and to 
confirm the need for developing a new mass attenuation coefficient from direct radiometric 
measurement of 210Pb by gamma spectrometry. As shown in Table III.8, the two materials 
presented an opposite chemical composition. Indeed, the selected liquid iron sample was 
mainly composed of iron as expected but also associated with around 4% of silicon. In 
opposition, only 1% of iron oxide was measured in the blast furnace slag material. The main 
components were calcium and silicon with mass concentration approaching 36% and 40% 
respectively. This information confirmed the need of HF for determining 210Po, 210Pb and 
226Ra by alpha spectrometry and 238U by ICP-MS in this type of material. This also 
demonstrated the potential need for developing a specific mass attenuation coefficient for the 
direct determination of 210Pb by gamma spectrometry. 
 
Table III.8. Typical bulk chemical composition of sinter and blast furnace slag 
Component (%)a Fe2O3 CaO SiO2 MnO Al2O3 MgO P2O5 K2O TiO2 Na2O 
Blast furnace slag A 1 40.4 36.3 0.46 11.1 8 0.02 0.73 0.85 0.38 
Liquid iron A 92.3 0.33 4.49 0.13 0.22 0.23 0.01 0.01b 0.03 0.08b 
 
Table III.8. Cont. 
Component (%)a Cr2O3 Zn Pb Ni S C LOI TOTALc 
Blast furnace slag 0.01b 0.01b 0.01b 0.01b 0.9 0.1b 0 100.2 
Liquid iron 0.01b 0.01b 0.01b 0.01b 0.1b 0.5 0.5 100.3 
                 a Conventional representation of elements as simple oxides except for Zn, Pb, Ni, C and S 
 b LOD (see Appendix I), assumed to be equal to LOD for summation 
                 c Sum of elements including LOI but excluding C 
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3.3.2 Determination of 210Pb and 226Ra in blast furnace slag materials  
 
Blast furnace slag materials produced from both UK steelworks A and B were collected in 
2013 for this study. A preliminary study was undertaken to give an initial indication of the 
fate of barium and lead in the blast furnace process, these elements being directly related to 
226Ra and 210Pb respectively. Sinter materials and corresponding slag materials were analysed 
by ICP-MS. As can be seen in Table III.9, while the lead concentration decreases by at least a 
factor of four, barium concentrates by a factor of up to six in the blast furnace slag, indicating 
a potential concentration of 226Ra in this material. 
 
Table III.9. Barium and lead concentration in sinter and blast furnace slag materials 
Material Barium (mg/kg) Lead (mg/kg) 
Sinter A 107 ± 6 35 ± 2 
Blast furnace slag A 611 ± 32 8 ± 1 
Sinter B 391 ± 20 24 ± 1 
Blast furnace slag B1 1078 ± 56 <0.1 
Blast furnace slag B2 1466 ± 81 0.1 
           Absolute uncertainty k=2 (see Appendix II) 
 
Both 210Pb and 226Ra were quantified by gamma spectrometry following the methods 
described in sections 2.7.2.1 and 2.7.3.1. A default mass attenuation coefficient of 0.65 was 
calculated based on the bulk chemical composition provided in Table III.8 for correcting 
count rates at 46.5 keV. The results are presented in Table III.10.  
 
Table III.10. 210Pb and 226Ra concentration in blast furnace slag materials 
Material 210Pb (Bq/g) 226Ra (Bq/g)b 
Blast furnace slag A <0.05a 0.24 ± 0.02 
Blast furnace slag B1 <0.05a 0.23 ± 0.02 
Blast furnace slag B2 <0.05a 0.24 ± 0.02 
               a LOD ( see Appendix I) 
               b Absolute uncertainty k=1 from counting only 
 
The 210Pb and 226Ra results obtained for this material by gamma spectrometry confirmed the 
information observed from ICP-MS analysis. Indeed it seems that 226Ra is at least five times 
more concentrated than 210Pb in this material, although 210Pb could not be accurately 
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quantified since it was below the limit of detection of the applied method. Consequently, the 
alpha spectrometric route would then be more appropriate to quantify 210Pb in this type of 
material. The 226Ra result could not be verified at this stage but was next compared with data 
from the alpha spectrometric approach. The validation of the gamma spectrometry route was 
later confirmed by analysing the CRM IAEA-434. 
 
3.4 Method validation 
 
3.4.1 Development of reference materials for the analysis of 210Po and 210Pb 
 
Reference materials were developed to monitor the efficiency and the precision of the 210Po 
and 210Po in-growth analytical methods by alpha spectrometry and 210Pb analytical method by 
gamma spectrometry. Within each batch of samples, at least one RM was systematically 
analysed and associated results were recorded using a Shewhart chart with limits based upon 
10 initial measurements. A certified 210Pb solution was used to control 210Po and 210Pb from 
in-growth for stack emission samples. The theoretical value for both radionuclides was set up 
as a target of 100%. As can been seen in Figure III.4, the 22 measurements of 210Po 
undertaken between December 2012 and July 2014 were all found to be within the mean ± 3σ 
interval with only two measurements outside of the mean ± 2σ showing a good stability of the 
method. The measurement of 210Pb via in-growth method averaged around 85% recovery 
demonstrating a slight underestimation of 210Pb from the in-growth method developed in this 
project. Nevertheless the difference of 15% between the measured and the theoretical target of 
100% was considered acceptable and reasonably low when considering the number of 
preparation steps required (acid digestion, liquid-liquid extraction, evaporations to dryness, 
depositions and solution transfers) and the uncertainties involved. 
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Figure III.4. Monitoring of 210Po and 210Po in-growth using a certified 210Pb solution between 
December 2012 and July 2014 
 
The 210Po and 210Pb activities were also monitored in the RM ore between December 2012 
and November 2014. As shown in Figure III.5, all 210Po measurements were found to be 
within the mean ± 2σ averaging around 11 Bq/kg and only 1 measurement of 210Pb from 210Po 
in-growth was observed outside of the confidence interval of mean ± 2σ proving a good 
stability and precision of the method. 
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Figure III.5. Monitoring of 210Po and 210Pb in the RM ore between December 2012 and November 
2014 
 
The 210Po and 210Pb were also monitored in the RM sinter dust. In contrast with the two 
previous RMs, 210Pb was quantified by gamma spectrometry and the decay rate of 210Pb was 
taken into account to set up variable quality control limits between May 2013 and September 
2015. Indeed, this dust material was collected in 2007 and therefore secular equilibrium 
between 210Pb and 210Po was reached at the time of the monitoring. As can be seen in Figure 
III.6, 210Po results from 17 tests carried out between May 2013 and September 2015 averaged 
around 1 Bq/g. 
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Figure III.6. Monitoring of 210Po and 210Pb in the RM sinter dust between May 2013 and September 
2015 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Finally the in-house RM BF dust was also monitored between February 2014 and January 
2016. This material is only used as reference for 210Pb measurement by gamma spectrometry.  
 
Also the trend of the data points followed the limits showing the importance of taking into 
account the decay rate of 210Pb when monitoring with this material. The 210Pb data were also 
found to be averaging around 1 Bq/g confirming secular equilibrium between 210Po and 210Pb 
in this material. 
0.7
0.8
0.9
1.0
1.1
1.2
M
ay
-
13
Ju
n-
13
Ju
l-1
3
Au
g-
13
Se
p-
13
Oc
t-1
3
No
v-
13
De
c-
13
Ja
n-
14
Fe
b-
14
M
ar
-
14
Ap
r-
14
M
ay
-
14
Ju
n-
14
Ju
l-1
4
Au
g-
14
Se
p-
14
Oc
t-1
4
No
v-
14
De
c-
14
Ja
n-
15
Fe
b-
15
M
ar
-
15
Ap
r-
15
M
ay
-
15
Ju
n-
15
Ju
l-1
5
Au
g-
15
Se
p-
15
Analysis date
21
0 P
o
 
a
c
tiv
ity
 
(B
q 
/ g
)
RM sinter dust Average A A + 3SD A + 2SD A - 3SD A - 2SD
0.7
0.8
0.9
1.0
1.1
1.2
M
ay
-
13
Ju
n-
13
Ju
l-1
3
Au
g-
13
Se
p-
13
Oc
t-1
3
No
v-
13
De
c-
13
Ja
n-
14
Fe
b-
14
M
ar
-
14
Ap
r-
14
M
ay
-
14
Ju
n-
14
Ju
l-1
4
Au
g-
14
Se
p-
14
Oc
t-1
4
No
v-
14
De
c-
14
Ja
n-
15
Fe
b-
15
M
ar
-
15
Ap
r-
15
M
ay
-
15
Ju
n-
15
Ju
l-1
5
Au
g-
15
Analysis date
21
0 P
b 
a
c
tiv
ity
 
(B
q 
/ g
)
RM sinter dust A + 3SD A + 2SD A - 3SD A - 2SD
 © Dal Molin 2018                                                                                                                                                                         103 
 
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
Fe
b-
14
M
ar
-
14
Ap
r-
14
M
ay
-
14
Ju
n-
14
Ju
l-1
4
Au
g-
14
Se
p-
14
Oc
t-1
4
No
v-
14
De
c-
14
Ja
n-
15
Fe
b-
15
M
ar
-
15
Ap
r-
15
M
ay
-
15
Ju
n-
15
Ju
l-1
5
Au
g-
15
Se
p-
15
Oc
t-1
5
No
v-
15
De
c-
15
Ja
n-
16
Analysis date
21
0 P
b 
a
c
tiv
ity
 
(B
q 
/ g
)
RM BF dust A + 3SD A + 2SD A - 3SD A - 2SD Average A
The 210Pb content of a selected BF dust material was monitored by gamma spectrometry 
between February 2014 and February 2016.  In contrast with the previous RM sinter, there 
was no secular equilibrium between 210Pb and 210Po, and therefore 210Po was not included in 
the monitoring programme. However, the decay rate of 210Pb was also taken into account to 
set up decreasing quality control limits. As can be seen in Figure III.7, 210Pb results from 20 
tests averaged between 6.5 and 7.5 Bq/g. 
 
Figure III.7. Monitoring of 210Pb in the RM BF dust between February 2014 and February 2016 
 
3.4.2 Pilot inter-comparison exercise with external laboratories 
 
Further studies were needed to confirm the suitability of these in-house iron- and steel-making 
materials as CRMs in the future and to demonstrate the technical challenges when quantifying 
210Po and 210Pb in iron- and steel-making materials. Two separate Round Robin exercises 
were initiated in partnership with five external radiochemical laboratories in order to support 
the potential future certification of these materials. A material from the gas industry was also 
included in the study to demonstrate the radioanalytical challenge when measuring directly 
210Pb in industrial NORM. Each participant was provided with about 10 g of material and 
allocated with a letter to keep results anonymously. No specific methodology for determining 
210Pb was prescribed however the nature, the main mineralogical components, the expected 
range of activity concentration for each material and for both radioisotopes were provided to 
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help the participants in selecting a suitable method. The results were required to be reported 
with absolute uncertainty at k=2 (95% confidence interval). All information is presented in 
Table III.11 as well as the list of participants for each material of interest. 
 
Table III.11. Information on the nature, the main mineral phases, expected activity concentration 
ranges of both radioisotopes of interest and participant laboratory 
 
Sample Nature 
Mineral 
composition 
Expected 
activity range 
210Po (Bq/g) 
Expected 
activity range 
210Pb (Bq/g) 
Participant 
laboratory 
RM iron ore Powder 
No information 
provided 
0.005 - 0.1 0.005 - 0.1 A, D, E 
RM sinter dust Powder 
Iron oxides, 
Carbon (Coke), 
Quartz 
0.5 - 2 0.5 - 2 A, B, C, D, E 
RM BF dust Powder 
Iron oxides, 
Carbon (Coke), 
Quartz 
5 - 10 5 - 10 A, B, C, D 
Gas dust Powder 
Lead oxides and 
carbonates 
7 - 15 7 - 15 A, B, C, D 
 
Laboratory A determined 210Pb by gamma spectrometry. Briefly, a sub-sample was 
transferred to a 20 cm3 plastic scintillation vial and was counted using a low background 
HPGe spectrometer. The detector was calibrated against a mixed radionuclide standard 
solution which was used to prepare a source of identical geometry to that of the samples. 
Gamma spectra were then analysed and 210Pb was quantified using Fitzpeaks spectral 
deconvolution software supplied by JF Computing Services, UK.119 Laboratory A’s alpha 
spectrometric method for the determination of 210Po was very similar to the method developed 
in this project. 
 
Laboratory B did not use the gamma spectrometry route for the determination of 210Pb but the 
route via 210Po in-growth where 1 g of sample was weighed and digested using a mixture of 
HNO3 and HCl using hotplate. Then 1 cm3 of solution was spiked with 209Po and plated onto 
silver disc for alpha spectrometry analysis. The plating solution was then put through anion 
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exchange column to remove remaining 210Bi and 210Po and re-spiked with 209Po and left for a 
minimum of 3 months to allow sufficient 210Po in-growth. 
 
Laboratory C analysed the samples by alpha spectrometry for 210Po and by gamma 
spectrometry for 210Pb using an HPGe detector equipped with a cryostatic cooling system. 
Prior to gamma counting, the detector was calibrated with a mixed nuclide standard of 
identical geometry and similar density. The alpha spectrometric method consisted of digesting 
0.5 g of material in a microwave assisted system using aqua regia. Then, 209Po was added as a 
plating tracer and the solution was adjusted to pH 9 to form a precipitate. The mixture was 
centrifuged and the supernatant discarded. The precipitate was dissolved in 12M HCl, diluted 
with 0.1M HCl before addition of 30% H2O2 after which the solution was boiled and allowed 
to cool before adding hydroxylammonium chloride. 209Po and 210Po were plated onto a silver 
disc for at least two hours at 95◦C. The silver discs were then counted by alpha spectrometry 
calibrated for energy and efficiency using a traceable mixed nuclides source.
 
 
Laboratory D also used an HPGe detector for the determination of 210Pb. The detector was 
calibrated with a mixed aqueous radionuclide standard. An in-house model was also 
considered to correct sample attenuation using an in-house RM originally obtained from the 
oil and gas industry. The 210Po was leached from the sample with aqua regia using a 
microwave digestion process. The solutions were then spiked with 209Po and auto-deposited 
with 210Po onto silver discs for alpha spectrometric analysis. Similarly to laboratory B, 
laboratory E did not use the gamma spectrometric approach for the determination of 210Pb. 
The method was very similar to the method developed in this project except that hotplates 
were preferred to microwave digestion and different acid digestion steps were carried out 
using different mixtures of acids. 
 
The data N and uncertainty uN estimated using the methodologies described in this project 
were used as reference, but not as true value, to compare with data from participant 
laboratories and are presented in Table III.12. The results from participant laboratories are 
separately presented in Table III.13 with their respective zeta and z-scores obtained in the 
inter-comparison study. 
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Table III.12. Activity concentrations and uncertainties obtained for selected reference materials from 
the steel and gas industries using the methodologies developed in this project 
Material 
Reference values 
N uN 
RM ore 
210Po (Bq/kg) 11 1 
210Pb (Bq/kg) 11 2 
RM sinter dust 
210Po (Bq/g) 1.05 0.05 
210Pb (Bq/g) 1.05 0.05 
RM BF dust 210Pb (Bq/g) 6.9 0.4 
Gas dust 210Pb (Bq/g) 10.6 0.4 
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Table III.13. Activity concentrations, absolute uncertainties (95% confidence), zeta and z-scores obtained by participant laboratories for the selected reference 
materials from the steel and gas industries 
 
Material 
Participant A Participant B Participant C Participant D Participant E 
L uL Zeta z L uL Zeta z L uL Zeta z L uL Zeta z L uL Zeta z 
RM ore 
210Po 
(Bq/kg) 
8 1 -2.12 -4.68 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. <63 n.a n.a. n.a. 12 1 0.71 1.56 
210Pb 
(Bq/kg) 
<30 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. <77 n.a n.a n.a 10 2 -0.35 -1.56 
RM sinter 
dust 
210Po 
(Bq/g) 
1 0.05 -0.71 -0.82 0.72 0.2 -1.6 -5.4 0.92 0.05 -1.84 -2.13 1.1 0.1 0.45 0.82 1.06 0.02 0.19 0.16 
210Pb 
(Bq/g) 
0.5 0.04 -8.59 -9 n.a. n.a. n.a. n.a. 0.79 0.1 -2.33 -4.25 0.77 0.05 -3.96 -4.58 0.98 0.05 -0.99 -1.15 
RM BF 
dust 
210Pb 
(Bq/g) 
5.1 0.3 -3.6 -4.48 5.04 0.5 -2.91 -4.63 5.77 0.7 -1.40 -2.81 5.9 0.1 -2.43 -2.49 n.a n.a n.a n.a 
Gas dust 
210Pb 
(Bq/g) 
2.2 0.1 -20.37 -13.61 7.9 0.6 -3.74 -4.37 3.5 0.45 -11.79 -11.5 9.3 0.15 -3.04 -2.11 n.a n.a n.a n.a 
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The three participants A, D and E provided 210Po and 210Pb results for the RM iron ore. As can 
be seen in Table III.13, the results from laboratory E were in full agreement with the reference 
results. Indeed both zeta and z-scores were calculated below 2.576 (section 2.8.1). The 210Po 
result from laboratory A was slightly below the reference data showing the technical 
challenge when measuring very low levels of 210Po. As both laboratories A and D used the 
gamma spectrometric route for measuring 210Pb in the RM iron ore, they could not report an 
accurate data enabling the calculation of a zeta and z-scores. Thus the agreement could not be 
confirmed. The 210Pb data from laboratory E was also found to be in agreement with the 
reference data demonstrating the importance of using the 210Po in-growth approach for very 
low levels of 210Pb. 
 
All participants determined 210Po in the RM sinter dust. Four participants provided results in 
good agreement with the reference data with z-scores ranging from -2.13 to 0.82. Laboratory 
B reported a data over 25% below the reference value and other values from the other 
laboratories. Only one 210Pb result for this material was found to be in agreement with the 
reference value. Laboratory E only used the 210Po in-growth approach for measuring 210Pb. 
Although this approach is more time-consuming, this result demonstrated this approach was 
safer to use when no specific chemical composition information was available. It also 
confirmed that the risk of underestimation was high when directly measuring 210Pb in 
materials containing a significant amount of heavy metals with an inappropriate reference 
material. 
 
A similar outcome was observed for the RM BFHCOF and the gas dust demonstrating the 
importance of understanding the matrix composition when measuring this radioisotope by 
gamma spectrometry. Laboratory D provided data in reasonable agreement with the reference 
data. As mentioned earlier, it was the only laboratory which used a coefficient factor based on 
its knowledge with the chemical nature of NORM arising from the oil and gas industry. Part 
of this work was published in a peer reviewed scientific journal and the article is presented in 
Appendix VI. 
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3.4.3 Test of robustness 
 
The aim of this study was to investigate the robustness of the destructive methodologies used 
in this project for measuring 210Po, 210Pb via 210Po in-growth and 238U by analysing the 
following CRMs: IAEA-384 (marine sediment) and CRMs IAEA-434 (phosphogypsum), 
presenting different chemical composition and mineralogy. Additionally, the robustness of the 
210Po and 210Po in-growth methodologies used in this project were also tested by participating 
in the Environmental Radioactivity Proficiency Test Exercise (PTE) organised by NPL in 
2012 looking at heat treated sewage sludge from the water treatment industry. 
 
The 210Po activity concentration in the certified marine sediment IAEA-384 was analysed 
seven times between July 2013 and February 2016. As displayed in Figure III.8, the results 
were all measured below the target value interval demonstrating that the sample preparation 
methodology specifically developed for iron- and steel-making materials was not appropriate 
for this type of material. Indeed, this marine sediment is rich in silicates and other complex 
minerals which cannot be digested using aqua regia. This would explain the loss of 
information during the digestion process and confirm the presence of 210Po in these mineral 
phases.  
 
Figure III.8. Comparison between the IAEA-384 certified 210Po reference activity concentration and 
the values obtained with the alpha spectrometric method used in this project 
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The phosphogypsum material IAEA-434 was analysed nine times between May 2013 and 
February 2016 to explore the applicability of the methodology developed in this project for 
non-metalliferrous minerals. As can be seen in Figure III.9, all results agreed with the CRM 
210Po target value meaning our sample preparation approach could be envisaged for 
determining 210Po in this type of material. In summary, this study led to the same conclusion 
derived from the investigation of different digestion routes for the preparation of iron- and 
steel-making materials for 210Po analysis (section 3.2.2). Indeed, materials rich in silicon may 
require the use of HF to avoid potential loss of information from the presence of 210Po in 
silicate phases. Nevertheless, the acid digestion approach using aqua regia seems suitable for 
non-metalliferrous minerals containing low amounts of silicon such as limestone or 
phosphogypsum. Additionally, the analysis of 210Pb via in-growth was performed on the first 
three samples analysed between May 2013 and June 2014 (see Figure III.10). Although a 
higher disparity of results could be observed, all results were in agreement with the 
confidence interval provided by the IAEA for its CRM. 
 
Figure III.9. Comparison between the IAEA-434 certified 210Po reference activity concentration and 
the values obtained with the alpha spectrometric method used in this project 
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Figure III.10. Comparison between the IAEA-434 certified 210Pb reference activity concentration and 
the values obtained with the 210Po in-growth method used in this project 
    
Absolute uncertainty k=2 (see Appendix II) 
 
Similarly to the pilot inter-comparison study presented in section 3.4.2, no specific 
methodology was prescribed but the expected range of activity concentration was provided. 
The results were required to be reported with an absolute uncertainty at k=1 (68% 
confidence). The results obtained for both nuclides are presented in Table III.14 with the 
reference values provided by NPL, the deviation D, zeta and z-scores and the same acceptance 
criteria used in the pilot inter-comparison study described in this project were applied (zeta 
and z-scores below 2.576). 
 
Table III.14. 210Po and 210Pb activity concentrations with absolute uncertainties (68% confidence), 
deviations D, zeta and z-scores obtained for a sewage sludge material, part of the NPL Environmental 
Radioactivity PTE 2012 
Radionuclide Value NPL Reference Value D (%) Zeta z 
210Po (Bq/kg) 52 ± 3 47.9 ± 0.7 8.7 1.35 1.49 
210Pb (Bq/kg) 42 ± 10 46.5 ± 1.4 -9.6 -0.44 -1.65 
                   Absolute uncertainty k=1 
 
Both 210Po and 210Pb values provided were found to be in agreement with NPL reference 
values demonstrating the suitability of the two methods described in this project for a wider 
range of materials than the iron- and steel-industry and reinforcing the robustness of these two 
methods. 
 
Finally, the robustness of the ICP-MS method used in this project for measuring 238U was also 
tested using the CRM IAEA-434. The CRM was analysed three times between May 2013 and 
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July 2014 and the results are shown in Figure III.11. For the first test, a mixture of HNO3, 
HCl and HF (5:1:2) (shown in green) was used rather than aqua regia (shown in blue) to 
demonstrate the importance of using HF to ensure complete dissolution when measuring 238U 
with this type of material. Although all results were in agreement with the certified reference 
confidence interval of 120 ± 11 Bq/kg, the result obtained from the first test showed a better 
agreement, suggesting the use of HF being preferable when measuring 238U in non-
metalliferrous minerals. 
 
Figure III.11. Comparison between the IAEA-434 certified 238U activity concentration and the values 
obtained with the ICP-MS method used in this project 
 
 
Absolute uncertainty k=2 (see Appendix II) 
 
3.4.4 Comparison of alpha and gamma spectrometric approach for the 
determination of 210Pb in waste gas dust materials from the iron ore sintering and 
blast furnace slurries 
 
A series of experiments was undertaken to compare 210Pb results obtained from gamma 
spectrometry with those obtained from alpha spectrometry via 210Po in-growth. Several waste 
gas dusts from the iron ore sintering process and slurry materials generated from the blast 
furnace gas cleaning process were considered in this study. Firstly, eleven waste gas dust 
materials from the two UK sinter plants were collected in 2013 and analysed using both alpha 
and gamma spectrometry methods. The results are presented in Table III.15 and Figure III.12. 
As may be seen from Table III.15, the results obtained by alpha and gamma spectrometry 
were in very good agreement for 210Pb with typically less than 8% difference between both 
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methods. Although the estimated uncertainties using the in-growth method were higher, the 
results obtained were very comparable with the gamma spectrometry results. Finally, this 
work also demonstrated the difference between waste gas dusts produced in sinter plants A 
and B. 
 
Table III.15. Comparison of 210Pb activities in a series of waste gas dust materials from both UK sinter 
plants using alpha and gamma spectrometry 
Plant Sample 
210Pb by gamma 
spectrometry (Bq/g) 
210Pb by alpha 
spectrometry (Bq/g) 
Absolute 
Difference (%) 
A 
1 1.98 ± 0.13 2.03 ± 0.57 3 
2 3.12 ± 0.21 2.91 ± 0.81 7 
3 2.45 ± 0.15 2.30 ± 0.68 6 
4 2.31 ± 0.15 2.12 ± 0.63 8 
5 2.94 ± 0.19 2.80 ± 0.76 5 
6 2.67 ± 0.17 2.49 ± 0.74 7 
B 
1 5.67 ± 0.38 5.86 ± 1.78 3 
2 5.96 ± 0.37 5.86 ± 1.70 2 
3 5.96 ± 0.38 5.80 ± 1.73 3 
4 5.89 ± 0.42 5.88 ± 1.66 <1 
5 4.21 ± 0.27 4.17 ± 1.32 1 
Absolute uncertainty k=2 (see Appendix II) 
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Figure III.12. Comparison of 210Pb activities in a series of waste gas dust materials from both UK 
sinter plants using alpha and gamma spectrometry 
Absolute uncertainty k=2 (see Appendix II) 
 
Five blast furnace slurries were also collected in 2013 from both integrated steel-making sites 
and analysed using both methods. The results are presented in Table III.16 and Figure III.13. 
As may be seen from Table III.16, the results obtained by alpha and gamma spectrometry 
were in reasonable agreement with absolute differences averaging around 12%. Nevertheless, 
210Pb results from gamma spectrometric analysis were always found to be higher than 210Pb 
results using the 210Po in-growth method suggesting the potential need for developing a 
specific default total mass attenuation coefficient for this particular type of material. Indeed 
the default total mass attenuation coefficient developed for blast furnace coarse dust was used 
in this study to correct the attenuation. As slurries are generally more concentrated in heavy 
metals than coarse dusts, a stronger mass attenuation coefficient should have been applied. 
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Table III.16. Comparison of 210Pb activities in blast furnace slurries from both UK blast furnace 
cleaning plants using alpha and gamma spectrometry 
Plant Sample 
210Pb by gamma 
spectrometry (Bq/g) 
210Pb by alpha 
spectrometry (Bq/g) 
Absolute 
Difference (%) 
A 
1 3.22 ± 0.21 3.01 ± 0.33 7 
2 5.32 ± 0.35 4.31 ± 0.53 19 
B 
1 3.39 ± 0.22 3.24 ± 0.32 4 
2 2.73 ± 0.19 2.26 ± 0.20 17 
3 1.97 ± 0.12 1.69 ± 0.17 14 
Absolute uncertainty k=2 (see Appendix II) 
 
Figure III.13. Comparison of 210Pb activities in blast furnace slurries from both UK blast furnace 
cleaning plants using alpha and gamma spectrometry 
Absolute uncertainty k=2 (see Appendix II) 
 
3.4.5 Comparison of alpha and gamma spectrometric approach for the 
determination of 226Ra in blast furnace slag materials 
 
A series of experiments was undertaken to compare 226Ra results obtained from direct gamma 
measurement of 214Bi and 214Pb with those obtained from the alpha spectrometry method 
using MnO2-coated discs. Three slag materials from different blast furnaces in operation in 
the UK were considered in this study. The results are presented in Table III.17. As can be 
seen in Table III.17, the results obtained by alpha and gamma spectrometry were totally in 
 © Dal Molin 2018                                                                                                                                                                         116 
 
disagreement, with results from the alpha spectrometric approach being at least four times 
lower than the results obtained from the gamma spectrometric approach. The gamma 
spectrometric approach is a conventional and well-established approach and was therefore 
thought to provide a relatively more realistic estimation of 226Ra in the studied samples. The 
alpha spectrum obtained for the reference disc showed an important level of background and 
signal noise in the energy region of interest of 226Ra, which constitutes an important obstacle 
in the quantification process. Additionally, several parameters were not tested and some 
issues were encountered during the preparation of the deposition solutions. As a consequence, 
the suitability of this approach for complex solid matrices such as blast furnace materials 
remains uncertain. 
 
Table III.17. Comparison of 226Ra activities in blast furnace slag materials from both UK integrated 
steelworks using alpha and gamma spectrometry methods 
Plant Sample 
226Ra by gamma 
spectrometry (Bq/g) 
226Ra by alpha 
spectrometry (Bq/g) 
Absolute 
Difference (%) 
A 1 0.24 ± 0.02 0.041 ± 0.004 83 
B 
1 0.23 ± 0.02 0.051 ± 0.004 78 
2 0.24 ± 0.02 0.050 ± 0.004 79 
Absolute uncertainty k=2 (see Appendix II) 
 
3.4.6 Method validation using high grade iron ores 
 
Different types of high grade iron ores are used in the UK steel industry. High grade iron ores 
used in the UK come from all around the world, and more particularly from the South 
American and African continents. The bulk chemical compositions of the 5 main iron ores 
currently used in the UK are presented in Table III.18. The iron ore samples A, B and C were 
imported from South Brazil, the iron ore sample D from Norway and the iron ore sample E 
from South Africa. 
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Table III.18. Bulk chemical composition of the main high grade iron ore materials used in the UK 
steel industry 
Component (%)a Fe2O3 CaO SiO2 MnO Al2O3 MgO P2O5 K2O TiO2 Na2O 
Iron ore A 93 0.05 3.3 0.64 1.1 0.08 0.05 0.03 0.06 0.08b 
Iron ore B 91.5 0.05 5.7 0.34 1.4 0.11 0.1 0.03 0.09 0.08b 
Iron ore C 91.5 0.05 5.7 0.25 0.73 0.11 0.09 0.03 0.05 0.08b 
Iron ore D 91.5 1.2 4 0.24 1.3 0.47 0.05 0.15 0.57 0.11 
Iron ore E 92.9 0.05 3.6 0.12 1.7 0.05 0.09 0.26 0.08 0.08b 
 
Table III.18. Cont. 
Component (%)a Cr2O3 Zn Pb Ni S C LOI TOTALc 
Iron ore A 0.01b 0.01b 0.01b 0.01b 0.01b 0.1b 1.8 100.2 
Iron ore B 0.03 0.01b 0.01b 0.01b 0.02 0.1b 0.01 101.3 
Iron ore C 0.02 0.01b 0.01b 0.01b 0.02 0.1b 0.01 99.8 
Iron ore D 0.01b 0.01b 0.01b 0.01b 0.02 0.2 0.02 100.4 
Iron ore E 0.02 0.01b 0.01b 0.01b 0.02 0.1b 0.01 99.1 
           a Conventional representation of elements as simple oxides except for Zn, Pb, Ni, C and S 
                 b LOD (see Appendix I), assumed to be equal to LOD for summation 
                 c Sum of elements including LOI but excluding C 
 
As can be seen in Table III.18, all high grade iron ores contained more than 90% of iron 
oxides. Heavy metals such as lead or zinc could not be accurately quantified by XRF as 
present in trace amounts (below the LOD of 0.01% (100 ppm)). No significant differences in 
bulk chemistry could be observed but differences could be noticed when determining the 
respective 210Po and 210Pb activity concentrations. As can be seen in Figure III.14, the 210Po 
and 210Pb activity concentrations of iron ores from South Brazil (A, B, & C) were found to be 
significantly higher than those from other parts of the world. The iron ore C exhibited the 
highest 210Po and 210Pb activities with 57 and 44 Bq/kg respectively. In contrast, the 
Norwegian and South African ores D and E, respectively, presented less than 10 Bq/kg of 
both radionuclides. Secular equilibrium was also confirmed for the majority of studied ores 
except for the iron ore C. However, a fraction of the in-growth solution for iron ore C was lost 
prior to 210Po analysis which affected the back calculation of 210Pb. The RM iron ore exhibited 
12 and 10 Bq/kg of 210Po and 210Pb, respectively. This particular material is currently the iron 
ore supplied in the greatest amount in the UK and therefore justified its development as RM 
for validating the two radioanalytical methods for the measurement of 210Po and 210Pb in iron- 
and steel-making materials. 
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Figure III.14. Comparison of 210Po and 210Pb activity concentrations in the main high grade iron ores 
used the UK steel industry 
Absolute uncertainty k=2 (see Appendix II) 
 
Being theoretically in secular equilibrium, the 238U and 226Ra results could then be compared 
with the 210Po results obtained from the novel and validated alpha spectrometry methodology 
and constituted a first step in the validation process of these two separate methods. The same 
iron ore materials with an additional one extracted from Venezuela were selected and are 
listed in Table III.19 as well as their respective 210Po activity concentrations (UKAS 
accredited). 
 
Table III.19. Origin and 210Po activity concentrations in samples of different iron ores 
Iron Ore Origin 210Po (Bq / kg) 
RM North Brazil 12 ± 2 
A South Brazil 40 ± 3 
B South Brazil 26 ± 3 
C South Brazil 57 ± 4 
D Norway 6 ± 1 
E South Africa 7 ± 1 
F Venezuela 15 ± 2 
         Absolute uncertainty at k=2 (see Appendix II) 
 
The 238U and 226Ra results obtained from this study are listed in Table III.20 and compared 
with the 210Po results in Figure III.15. 
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Table III.20. 238U and 226Ra activity concentrations in different iron ores 
Iron Ore sample 238U (Bq / kg)a 226Ra (Bq / kg)b 
RM 13 ± 4 <LODc 
A 48 ± 8 34 ± 15 
B 27 ± 4 <LODc 
C 53 ± 8 41 ± 12 
D 7 ± 1 <LODc 
E 8 ± 1 n.a. 
F 16 ± 3 <LODc 
                                             n.a.: not analysed 
                                             a Absolute uncertainty k=1 (see Appendix II) 
                                             b Absolute uncertainty k=2 (see Appendix II) 
                                             c LOD (see Appendix I) 
 
Figure III.15. Comparison between 238U, 226Ra and 210Po activity concentrations in different iron ores 
 
Absolute uncertainty k=2 (see Appendix II) 
 
All 238U results were found in agreement with their respective 210Po. The ICP-MS approach 
developed in this project was thereby proved to be suitable for the determination of 238U in 
iron ores.  
 
Only two 226Ra results from the last test using 223Ra as a tracer could be obtained. Both results 
corresponded to the two most active ores from South Brazil (A & C) and were found to be in 
a relatively good agreement with their respective 210Po activity concentrations. Nevertheless, 
as the tracer recovery remained poor (circa. 1%) and high background levels originated from 
residual contamination could be observed in some alpha counting chambers, the results for the 
other four studied iron ores presenting lower natural activity concentrations could not be 
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statistically exploited as being lower than their respective limits of detection (see Appendix I). 
Overall, this approach seemed promising but would need to be further optimised to increase 
the chance for quantifying very low levels of 226Ra in the order of 10 - 20 mBq. Due to the 
nature of iron- and steel-making materials, the complexity and the number of preparative 
steps involved, it might be highly challenging to improve the tracer recovery significantly. 
For that reason, it is essential to ensure that the alpha counting chambers present extremely 
low residual background in future tests.  
 
All the results of characterisation provided a sound basis for the modelling studies presented 
in the next chapter. In order to further understand the fate of 238U in the integrated steelworks, 
the same methodology was applied to a wider range of iron- and steel-making materials 
including emission samples from the sinter plant stack. Due to the limited scope of validation 
confirmed for 226Ra, it was decided to use the data obtained by ICP-MS for stable barium as 
an indicator of its fate in the studied processes. 
 
3.5 Key findings 
 
Several radioanalytical methods were validated for the measurement of 238U and its key decay 
products 226Ra, 210Pb and 210Po in a wide range of iron-making materials by using reference 
materials, by checking with results obtained from a different method or by comparing another 
radionuclide of interest when secular equilibrium was confirmed.  
 
Following initial work, two radioanalytical methods developed for the measurement of 210Po 
and 210Pb were accredited by UKAS according to the EN IEC/ISO 17025:2005. The bulk 
chemical composition information was first used to assess the suitability of using aqua regia 
for preparing raw and revert materials used in the iron ore sintering and blast furnace 
processes for 210Po analysis by alpha spectrometry. Most of the 210Po results using this acid 
mixture were found to be in agreement with the two other routes using HF and preliminary 
combustion, except for olivine and coke which present high levels of silicon and carbon, 
respectively. The use of a single acid mixture to digest a wide range of iron- and steel-making 
materials was thus confirmed to be unrealistic but appropriate for most of the solid materials 
used or generated in a steelworks. It would therefore be recommended that another treatment 
is adopted, for example, when analysing 210Po in olivine and coke. However, as these two 
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materials are used in minimal proportion in the iron ore sintering and blast furnace processes 
compared to iron ores or pellets, the biased estimation of their 210Po content would not 
significantly affect the estimation of the total input of radioactivity entering those processes. 
 
In a second part, the bulk chemical composition information was used in calculating mass 
attenuation coefficients in order to determine 210Pb directly in solid samples using gamma 
spectrometry. Indeed, 210Pb is conventionally measured by gamma spectrometry using its 
weak emission at 46.5 keV, however, this can lead to serious underestimation of the quantity 
present owing to self-attenuation by mineral matrices and the absence of suitable reference 
materials presenting a similar texture as well as chemical composition to industrial NORM of 
primary concern, the exemption being the phosphogypsum material developed by the IAEA 
(CRM IAEA-434). The significance of 210Pb is generally second to the radium isotopes when 
considering industrial NORM contamination. However, it may occur at much higher activity 
concentrations than radium under certain conditions, influencing waste disposal options and, 
together with its grand-daughter (210Po), constituting the most important risk to health. This is 
clearly the case with the steel industry and therefore this work was the central part of this 
project. 
 
The gamma spectrometric methodology was developed initially for iron- and steel-making 
materials, particularly for supporting the recycling of blast furnace and BOS slurry materials 
in the cement industry. As it is based on detailed chemical and mineralogical characterisation 
of a fingerprint sample followed by application of the appropriate density and matrix self-
attenuation corrections, it was later applied to a broader range of industrial NORM in a 
collaborative project. The result for the reference material (RM) sinter developed in this 
project was found to be satisfactory when compared with its 210Po reference value (in secular 
equilibrium). The results for the RM BF dust as well as for lead-rich deposits from the natural 
gas industry demonstrated the importance of using this approach when measuring a low 
energy gamma-emitter such as 210Pb in dense materials containing high atomic number 
elements. Finally, all 210Pb results estimated via 210Po in-growth in several waste gas dust and 
slurry materials collected from the iron ore sintering and blast furnace gas cleaning processes 
were found to be in relatively good agreement with the results obtained from this new 
approach, reinforcing its validity. 
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Additionally, another novel method involving the use of lithium tetraborate fusion prior to 
gamma spectrometry showed some promise in a collaborative study with the GAU-Analytical 
laboratory of the University of Southampton. Compared to the methodology presented here, 
this approach had the advantages of being an efficient means of solubilising refractory 
mineral phases and creating glassy beads which could be used for bulk analysis by XRF and 
then dissolved for trace or ultra-trace measurements by ICP-MS. However, this method 
appeared to be unsuitable for some studied matrices given the high volatility of both 210Pb and 
210Po. 
 
One of the main objectives of this project was to develop and validate methodologies to 
measure two other key natural radioisotopes of the 238U decay chain, namely 238U itself and 
226Ra. Uranium-238 is commonly measured by ICP-MS and this technique was used in this 
project by referring to the same sample preparation approach designed for measuring trace 
metals in iron- and steel-making materials using aqua regia. The approach was first proven to 
be suitable and valid for iron ore materials by comparing with their respective 210Po and 210Pb 
activity concentrations, knowing they are in secular equilibrium. As 238U and 210Po/210Pb are 
not in secular equilibrium in processed materials and there is no suitable certified reference 
material currently available, it was not possible to demonstrate the validity of this method and 
extend it to a wider range of materials. Nevertheless, the method was further tested for slag 
materials using the IAEA-434 phosphogypsum as a reference and it was observed that the use 
of hydrofluoric acid in the acid mixture would be preferable when measuring 238U in this type 
of material. In contrast to 210Po and 210Pb, 238U did not seem to concentrate in the dusts from 
the iron ore sintering process despite enhanced concentration of fluorides observed in these 
materials. A slight enhancement of up to 300 Bq/kg was observed in the studied blast furnace 
slag materials, which confirmed that this radioelement did not pose a significant 
environmental and occupational radiological risk for both members of the public living in the 
vicinity of an integrated steelworks and the steel workforce. 
 
Different radioanalytical routes were investigated for measuring 226Ra in iron- and steel-
making materials. Similarly to the validation strategy employed for 238U, the initial idea was 
to focus first on iron ore materials and compare the results with their respective UKAS 
accredited 210Po and 210Pb results. Some important difficulties were encountered when 
preparing suitable precipitates of Ba(Ra)SO4 for alpha spectrometric analysis mainly due to 
the presence of high concentrations of iron, which seem to disturb the precipitation process 
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and the following preparative steps. A similar technical challenge was encountered when 
developing the method for the determination of 210Po in iron- and steel-making materials by 
alpha spectrometry. Indeed, iron (III) is a major interference for the analysis of 210Po by alpha 
spectrometry as it competes with 210Po during its deposition on a silver disc. After 
demonstrating that the effect on the 226Ra recovery was minimal, it was decided to precipitate 
iron using ammonia. Barium-133 is conventionally used as a tracer to quantify 226Ra but its 
use is not ideal as it requires the performance of a separate analysis by gamma spectrometry.  
 
With support from the UK National Physical Laboratory (NPL), a specific radium isotope, 
223Ra, was used to quantify 226Ra directly by alpha spectrometry. Some of the results from this 
approach were promising, showing an agreement with their respective 210Po/210Pb activity 
concentrations. Two separate approaches were developed for measuring 226Ra in blast furnace 
slag materials, expected to contain enhanced amounts of 226Ra. Radium-226 was measured 
indirectly by gamma spectrometry using its decay products 214Bi and 214Pb and directly by 
alpha spectrometry using MnO2-coated discs. The alpha spectra obtained from the second 
method showed important background levels, mainly due to the presence of high levels of 
calcium which would have competed with radium during the adsorption process. Generally, 
this technique is not recommended for materials containing high levels of calcium and is 
mainly used to measure higher levels of radium in water matrices, such as water generated 
from fracking oil shale. Thus, the results obtained from the gamma spectrometric route could 
not really be confirmed by comparing with this alternative method. However, as the CRM 
IAEA-434 phosphogypsum was used as a reference in the gamma spectrometric method, a 
slight enhancement up to nearly 250 Bq/kg could still be confirmed. 
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Chapter IV. Modelling of 238U and its key decay products in the 
UK integrated steelworks 
 
4.0 Abstract 
 
In the second part of this research project, compartmental modelling studies were undertaken 
to better understand the fate of these key radionuclides in the integrated steel-making route, 
focusing on the iron ore sintering and blast furnace processes but also in the cement industry 
which reuses NORM waste generated from the blast furnaces. All the results of characterisation 
provided a sound basis for the modelling studies (see Chapter III). Due to the limited scope of 
validation confirmed for 226Ra, it was decided to use the data obtained by ICP-MS for stable 
barium as an indicator of its fate in the studied processes. The balance observed between the 
input and the main outputs of the iron ore sintering process suggested that 238U and 226Ra (Ba) 
did not concentrate by comparison with 210Pb and 210Po. It was also confirmed that the 
majority of 238U and 226Ra (Ba) ended in the slag whereas 210Pb and 210Po both concentrated in 
the dusts and slurries collected by the successive gas cleaning processes of the blast furnaces. 
Due to important changes in material management and discrepancies observed between 
measured and estimated stack emissions in the past years at the two UK sinter plants, the 
initial predictions used to report annual emissions to the UK environment agencies were 
revisited with more recent data. The impact of recycling revert materials from the blast 
furnaces was reassessed following recent implementation of new gas cleaning systems at two 
blast furnaces in operation in the UK.  
 
4.1 Introduction 
 
Modelling radionuclides in an industrial process can be used to assess the radiological impact 
of releases, to reconstruct an impact that occurred in the past or estimate the likely impact of 
future facilities as part of a risk assessment. In general, the process description is grossly 
over-simplified over large spatial and temporal scales. In compartmental modelling, the 
system to be represented is partitioned into a defined number of boxes, where each of them is 
considered to be homogeneous. The issue arising from this simplification is the incorporation 
of uncertainty.121 
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In 2009, mass balance and prediction models were developed to define the repartition of 210Po 
and 210Pb within the iron ore sintering process and to directly correlate with their emissions at 
the stack with inputs of radioactivity entering the process. Due to important material 
management practices and process changes, the methodology used to produce mass balance 
models needed to be revisited with more recent data. It was also an opportunity to extend this 
new approach to 226Ra and 238U. New separate prediction models for 210Po and 210Pb 
emissions from sinter plants A and B were also created using measurements carried out 
between 2013 and 2016 taking into account other variable parameters which were not initially 
taken into consideration. In the third part of this chapter, mass balance models were also 
developed to further understand the behaviour of all key radionuclides in the blast furnace 
process at both UK integrated steel-making plants. Finally, a mass balance tool was 
developed to understand the fate of 210Po and 210Pb in the cement-making process from the 
use of slurry materials from the blast furnace and BOS processes. 
 
4.2 Iron ore sintering process modelling 
 
4.2.1 Description 
 
In 2009, it was initially considered that the 210Po and 210Pb inputs from the raw mix were fully 
distributed between the sinter product, the waste gas dusts collected by the electrostatic 
precipitator (ESP) and the stack particulate emission. Indeed, there is insufficient time for all 
of the 210Po and 210Pb to be volatilised therefore a fraction of the radioactivity is retained in 
the sinter product. Also, the partitioning of the radioactivity to the solid phase in the waste gas 
means that the 210Po and 210Pb are effectively distributed between the dust collected in the 
electrostatic precipitator and that discharged to atmosphere. The potential losses from fugitive 
emissions throughout the process were not considered in the mass balance model and a 
constant efficiency of waste gas de-dusting and sinter production rate were assumed. A 
schematic representation of the iron ore sintering process and its main input and output 
materials used in the mass balance model is presented in Figure IV.1. 
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Figure IV.1. Schematic representation of the iron ore sintering process mass balance model 
 
 
 
 
 
 
 
 
 
 
 
4.2.2 Initial methodology 
 
For the two UK sinter plants, a series of calculations was carried out based on selected bed of 
materials for which input and output materials radioactivity were available. Samples of each 
input material entering the composition of the raw mix and of each output material were 
analysed by alpha spectrometry and by gamma spectrometry, where possible. Production 
figures including bed processing duration, bed composition, input tonnages and sinter 
production were obtained from each sinter plant. The inputs of 210Po and 210Pb were estimated 
using the activity concentrations of the raw mix used in the selected beds multiplied by the 
bed tonnage and divided by the sinter production. The results were then expressed in 
kiloBecquerel per ton (kBq/t) of sinter produced. 
 
The emission outputs at the two UK sinter plants, also expressed in kBq/t sinter produced, 
were estimated using the corresponding 210Po and 210Pb emission data, multiplied by the waste 
gas flow rate of each plant, the average bed processing time and divided by the sinter 
production. At each plant, the waste gas flow rate was measured by performing a full Pitot 
tube traverse of the waste gas flow according to BS 1042 section 2.1.122 The Pitot tube is a 
device for measuring the waste gas velocity, the mean value of which is multiplied by the 
stack cross-sectional area to obtain the waste gas volumetric flow. Such measurement were 
EMISSION 
RAW MIX 
ESP DUST 
SINTER 
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carried out in 2007 at both plants and resulted in the determination of dry waste gas flow rate 
of 345 and 348 m3/s at plant A and B respectively. 
 
The sinter product outputs were calculated using the 210Po and 210Pb activity concentrations of 
the sinter materials analysed for each studied bed and by taking into account the sinter 
production of the bed. The data were expressed in kBq/t of sinter produced. For each sinter 
plant, the amount of waste gas dust collected by the ESPs generated per bed of material were 
estimated assuming that the particulate emission concentration at the inlet of the ESP was 
lower than 1 g/Nm3 and that the efficiency of the ESP was around 95% (reducing the 
particulate emissions down to 50 mg/m3). By multiplying the amount of dust theoretically 
captured by the ESP with the stack flow rate and by taking into consideration the bed 
processing time, it was then possible to estimate the amount of ESP dusts produced per bed of 
materials.  
 
In regards to ESP dusts produced at sinter plant A, activity data were available for the three 
different fields of the ESP, named here Nu1, Nu2 and Disp. The final field, Disp, is not 
recycled into the iron ore sintering process but is sent to a waste oxide briquetting (WOB) 
plant prior to being recycled into the BOS process. Unfortunately, it was not possible always 
to quantify the amount of dust in each field. It was then assumed that only 20% of the waste 
ESP dust was collected in the final field of the ESP (Disp). The 210Po and 210Pb activity 
outputs in the first two fields and the final field were then estimated for each bed by 
multiplying the activity of the ESP dust by the estimated amount of ESP dust produced in 
each field and divided by the sinter production. In the case of sinter plant B, the 210Po and 
210Pb outputs in ESP dusts were estimated for each studied bed by multiplying the activity of 
the combined ESP dust by the estimated amount of ESP dust produced and divided by the 
sinter production. 
 
4.2.3 Initial mass balance and prediction models 
 
Several beds of materials were studied at sinter plants A and B to confirm 210Po and 210Pb 
balances between the input and the three output compartments of the iron ore sintering 
process and the possibility for correlating radioactive stack emission with the input of 
radioactivity entering this process. Four beds of materials were initially studied at each sinter 
plant. The data for sinter plant A and B are summarised in Tables IV.1 and 2 respectively. 
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Table IV.1. 210Po and 210Pb activity balances at sinter plant A 
Bed 
Raw mix 
input 
(kBq/t) 
Sinter 
product 
(kBq/t) 
Emission 
(kBq/t) 
ESP dust 
Nu1/Nu2 
(kBq/t) 
ESP dust 
Disp 
(kBq/t) 
Input/Output 
210Po       
1 30.6 22 7.2 9.9 3.9 0.71 
2 38.7 18 10.7 6.9 3.0 1.00 
3 35 18.5 10 6.3 1.6 0.96 
4 41.5 34 11.1 11.7 3 0.70 
Partitioning (%) - 49.6 28.0 17.9 6.1 Total = 101.6 
210Pb       
1 33.7 29 2.7 2.0 3.7 0.90 
2 42.1 30 5.1 1.6 1.7 1.10 
3 35.0 31.7 3.6 1.9 2.4 0.88 
Partitioning (%) - 82.6 11.2 4.6 5.5 Total = 101.9 
Note: Only beds 2 & 3 were used for calculations as beds 1 and 4 exhibited input/output ratios significantly below 1 
 
Table IV.2. 210Po and 210Pb activity balances at sinter plant B 
Bed 
Raw mix input 
(kBq/t) 
Sinter product 
(kBq/t) 
Emission 
(kBq/t) 
ESP dust 
(kBq/t) Input/Output 
210Po      
1 56.0 22.0 24.5 12.2 0.95 
2 50.8 24.0 16.6 17.0 0.88 
3 46.3 15.0 16.9 17.8 0.95 
4 77.4 35.0 34.0 13.0 0.94 
Partitioning (%) - 41.0 39.2 18.0 Total = 98.2 
210Pb      
1 67.3 48.0 17.5 8.0 0.92 
2 44.0 27.0 11.0 6.6 0.98 
3 47.4 20.0 8.9 6.9 1.32 
Partitioning (%) - 58.3 23.3 13.8 Total = 95.4 
Note: Only beds 1 & 2 were used for 210Pb repartition calculations as bed 3 exhibited input/output ratios significantly above 1 
 
The compartmental model seemed to be reasonably balanced with most of input/output ratios 
ranging from 0.8 and 1.1. Nevertheless some ratios were also found to be outside of this range 
which demonstrated a non-negligible variability of 210Po and 210Pb activity concentrations in 
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the output materials and/or losses from the system. In order to summarise the activity 
balances data obtained for the two UK sinter plants, 210Po and 210Pb inputs together with the 
percent distribution of each radioelement into the different output material compartments 
were summarised in Figures IV.2 and 3 respectively. 
 
Figure IV.2. 210Po inputs at the two UK sinter plants and distribution of 210Po in output materials 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IV.3. 210Pb inputs at the two UK sinter plants and distribution of 210Pb in output materials 
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Several conclusions could be drawn at this stage of the study. Firstly, the proportion of 210Po 
emitted to atmosphere via the main stack was significantly higher than the proportion of 210Pb 
emitted from the two UK sinter plants. Indeed, the data showed that about 28% and 39% of 
the 210Po inputs were emitted to atmosphere whereas only 11% and 14% of the 210Pb inputs 
were emitted to atmosphere at sinter plants A and B respectively. Conversely, a significantly 
higher proportion of 210Pb than 210Po was retained in the sinter product at both sinter plants. 
For instance, at sinter plant A, about 83% of 210Pb input but only 50% of the 210Po input was 
retained in the sinter product. These results were expected considering that the volatility of 
210Po is greater than that of  210Pb. 
 
Also, an important proportion of 210Po and 210Pb was captured by the ESPs at both sinter 
plants. Typically, 18% to 26% of 210Po input was concentrated in the ESP dusts. At sinter 
plant A, it was estimated that the majority of the 210Po was concentrated in the first two fields 
of the ESP (circa. 18%, whereas only 6% of 210Po was found in the final field of the 
precipitator). These data were obtained by assuming that the ESP dusts from the final field 
constituted only 20% of the total mass of ESP dusts captured. A higher proportion of 210Pb 
was found in the ESP dust at sinter plant B compared to those at sinter plant A. Indeed, 23% 
of 210Pb input was found in the combined ESP dusts at sinter plant B whereas only 11% of the 
total 210Pb input was concentrated in the ESP dust at sinter plant A. This result can be 
explained by major differences in the recycling practices with blast furnace materials at sinter 
plant B compared to sinter plant A, which can have an influence on the volatilisation of lead 
in the process. Indeed, blast furnace dust materials contain significant amounts of carbon that 
is combusted in the iron ore sintering process. This carbon material is finely divided, 
compared to the coke in the mix and burns rapidly so that locally higher temperatures can be 
attained than in the main part of the flame front. Consequently, volatile species in the blast 
furnace materials can be volatilised to a higher degree than corresponding species present in 
other raw mix components, such as iron ore materials, which are distributed within the bulk of 
the mix where the rate of heating is more uniform. As can be seen in Table IV.3, a greater 
proportion of the radioactivity is associated with blast furnace material in sinter plant B than 
at sinter plant A, where the inputs of 210Po and 210Pb are mainly associated with iron ore 
materials. This can also explain why a smaller proportion of the radioactivity input is retained 
in the sinter product produced at sinter plant B.  
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Table IV.3. 210Po input sources entering sinter plants A and B on average per bed in 2010 
 Sinter plant A Sinter plant B 
 
210Po input (MBq) % 210Po input (MBq) % 
Iron ores 5,488 73.6 744 28.9 
Recycled blast furnace materials 1,032 13.8 1,163 45.2 
Recycled sinter fines 215 2.9 619 24.1 
Fluxes 634 8.5 44 1.7 
Fuel 91 1.2 3 0.1 
Total 7,460 100 2,573 100 
 
Although disparities in sintering efficiency, bed duration and material management practices 
could be observed between the two UK sinter plants, all stack measurement data from both 
sinter plants alongside with another plant, not in activity since 2015, were used to produce 
two correlations for predicting 210Po and 210Pb emissions at the stack. The 210Po and 210Pb 
emission data obtained at the three sinter plants within the period 2004 - 2009 were pooled 
giving a total of 41 emission measurements from different sampling campaigns and exhibited 
the following correlations (Equations A & B):  
 
Predicted 210Po emissions (Bq / m3) = 0.096 x 210Po inputs (kBq / t raw mix) + 2.48         Eq. A 
 
Predicted 210Pb emissions (Bq / m3) = 0.047 x 210Pb inputs (kBq / t raw mix) + 0.66         Eq. B 
 
These initial correlations presented correlation coefficients of 0.68 and 0.77 for 210Po and 
210Pb, respectively. The 210Po and 210Pb releases from each bed were then estimated using 
these equations, considering the bed duration, the average operational factor over the year and 
the average waste gas flow determined from previous measurements. The annual 210Po and 
210Pb releases were obtained by summing the releases for each bed processed during the 
calendar year following Equation C: 
 
Eq. C 
 
 
where PECi is 210Po or 210Pb predicted emission concentration in Bq/m3 for bed i, BDi is the duration 
for bed i in seconds, V is the main stack gas volumetric flow rate in m3/s and OF is the annual 
operational factor calculated from the annual operational hours. 
ΣAnnual releases =            PECi * BDi * V * OF * 10-9
Bed i
Bed j
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Considering the quality of the correlations, it was then proposed to the Environment Agency 
that these should be used as emission prediction models to estimate the annual mass releases 
of 210Po and 210Pb from UK sinter plants. However, between 2013 and 2015, significant 
differences were observed between predicted and measured 210Po and 210Pb emissions, 
particularly from sinter plant B. All results are summarised in Table IV.4 with the associated 
mean particulate concentration recorded during stack sampling trials. Except for one bed of 
material processed in August 2014, the differences observed at plant A were broadly 
acceptable when taking into account the correlation coefficients of 0.68 and 0.77 for 210Po and 
210Pb respectively. 
 
Comparatively, the sinter plant A also seemed to be more stable than sinter plant B based on 
particulate concentrations measured at the stack. Indeed, while particulate concentrations 
ranged from 62.3 and 87.9 mg/m3 at sinter plant A, the particulate concentration from plant B 
fluctuated on a wider scale ranging from 36.4 to 112.3 mg/m3. As a consequence, several 
discrepancies, shown in bold italic in Table IV.4, were observed between predicted and 
measured 210Po and 210Pb emissions at plant B questioning the validity of the prediction 
correlations for this plant. 
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Table IV.4. Particulate concentrations, predicted and measured 210Po and 210Pb emissions from both UK sinter plants between 2013 and 2015 
Plant Year Month Bed 
Predicted 210Po 
emission (Bq/m3) 
Measured 210Po 
emission (Bq/m3) Diff.(%) 
Predicted 210Pb 
emission (Bq/m3) 
Measured 210Pb 
emission (Bq/m3) Diff.(%) 
Particulate concentration 
(mg/m3) 
A 
2013 
May 1 4.22 5.47 30 1.75 1.42 -19 70.3 
Sep 2 4.39 5.99 36 1.69 1.30 -21 62.3 
2014 
Feb 1 4.10 4.63 13 1.76 1.56 -11 81.5 
Aug 2 4.76 4.60 -3 1.96 1.04 -47 75.5 
2015 
Mar 1 4.06 3.61 -11 1.48 1.05 -29 87.9 
Jul 2 4.02 2.85 -29 1.64 1.16 -29 74.6 
B 
2013 
Jan 1 7.42 9.48 28 4.46 3.90 -13 43.9 
Jun 2 4.58 7.40 62 1.84 3.16 72 107.6 
Jul 3 4.86 6.07 25 2.09 2.97 42 107.9 
Oct 4 4.96 10.32 108 2.05 4.44 117 83.5 
Nov 5 4.50 8.76 95 1.57 3.20 104 112.3 
2014 
Mar 1 6.48 16.37 153 3.71 6.56 77 91.8 
Aug 2 6.1 12.19 100 3.42 4.35 27 63.8 
Sep 3 7.35 11.79 60 4.36 4.61 6 70.8 
Dec 4 7.20 8.90 24 4.10 4.10 0 92.4 
2015 
Feb 1 7.38 5.04 -32 4.35 2.55 -41 36.4 
Mar 2 7.50 10.10 35 4.53 7.18 58 84.3 
Sep 3 4.90 2.66 -46 1.81 0.81 -55 45.8 
Nov 4 5.06 7.49 48 2.27 2.57 13 70.7 
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4.2.4 Review of mass balance models 
 
4.2.4.1 Sinter plant A 
 
In order to review the initial distribution figures for 210Po and 210Pb and determine the 
distribution of 238U and 226Ra, another mass balance methodology was applied using the 
annual tonnages of the raw mix input and output materials used at sinter plant A in 2013 and 
collecting representative samples of the raw mix input and output materials. In contrast with 
the initial methodology, the production of combined ESP dust (Nu1, 2 and disp) produced 
over the year was estimated based on a separate study which consisted of collecting and 
weighing ESP dusts over a work shift of 12 hours. The annual tonnage of particulate emitted 
from the stack was calculated using 63.5 mg/m3 as a mean particulate concentration from all 
stack measurements undertaken in 2013, 8,000 hours of annual operating hours and a flow 
rate of 345 m3/s. Fluoride ranges were also determined in the raw mix input and output 
materials to investigate the potential effect of fluoride on the volatility of 238U in the iron ore 
sintering process. As 226Ra could not be determined in all the main input and outputs materials 
circulating in the iron ore sintering process, its fate was indirectly interpreted using barium as 
chemical indicator. The tonnages and the 210Po, 210Pb, 238U activity concentration ranges 
observed in raw mixes and the main output materials from the iron ore sintering process are 
presented in Table IV.5. The concentrations of fluoride, lead and barium are separately 
presented in Table IV.6. 
 
Table IV.5. Annual tonnages, 238U, 210Pb and 210Po activity concentration ranges in the raw mix input 
and output materials used in the iron sintering process at sinter plant A in 2013 
Materials 
Weight 
(tonnes) 
238U 
(Bq/kg) 
210Pb 
(Bq/kg) 
210Po 
(Bq/kg) 
Raw mix 3,700,000 16 - 20 (n=2)  15 - 21 (n=6) 13 - 23 (n=6) 
Sinter 3,200,000 16 - 20 (n=2) 12 - 16 (n=3) 6 - 12 (n=3) 
ESP Dust 6,500 15 - 16 (n=2) 430 - 2,360 (n=11) 1,500 - 7,160 (n=6) 
Emission particulate 630 14 - 24 (n=2) 13,690 - 27,790 (n=7) 58,160 - 117,870 (n=7) 
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Table IV.6. Fluoride and barium concentration ranges in the raw mix input and output materials used 
in the iron sintering process at sinter plant A in 2013 
Materials 
F- 
(mg/kg) 
Ba 
(mg/kg) 
Raw mix 5 - 6.4 (n=6)  82 - 90 (n=3) 
Sinter 4.1 ± 0.4a 101 ± 10a 
ESP Dust 257.4 - 311.4 (n=3) 90 - 100 (n=3) 
Emission particulate 1959 - 4935 (n=4) 110 - 124 (n=3) 
  a Absolute uncertainty k=2 (see Appendix II) 
 
As can be seen in Tables IV.5 and 6, 238U did not seem to concentrate despite enhanced 
concentration of fluoride observed in the waste off-gas dusts generated from the iron ore 
sintering process. The use of fluoride as indicator of 238U concentration in the integrated steel-
making processes was then considered inappropriate. Nor did barium seem to concentrate in 
any output materials of the iron ore sintering process model suggesting a similar fate for 
226Ra. It was also confirmed that 210Po and 210Pb significantly concentrated in the waste off-
gas dusts. The corresponding annual mass balance model for the three radioisotopes is 
displayed in Figure IV.4. The annual distribution observed from this new approach led to the 
same conclusion that as initially observed in 2009, with approximately half of the 210Po and 
up to 80% of 210Pb remaining in the sinter product and the rest being balanced between the off 
gas dusts collected by the ESP and emitted at the stack. The content of natural radioactivity in 
the raw mixes was lower than the concentrations observed in raw mixes characterised in 2009 
due to a smaller proportion of South American ores used in the process. Finally it was also 
estimated that less than 10% of 238U was volatilised in the system. It therefore became clear 
that both 238U and 226Ra would not particularly constitute a significant radiological risk for the 
plant operators in contrast with 210Pb and 210Pb, which both concentrate in the waste off-gas 
dusts by a minimum factor of one thousand in comparison with raw materials entering the 
process. 
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Figure IV.4. Annual 238U, 210Pb and 210Po activity balances at sinter plant A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2.4.2 Sinter plant B 
 
The 210Po and 210Pb activity balance figures were also revisited for plant B using the tonnages 
of raw mix used and output materials produced in 2013 and by analysing representative 
samples of each compartment of the model. The total amount of particulate emitted into the 
atmosphere was calculated from all stack measurements carried out in 2013 presenting an 
average particulate concentration of 84 mg/m3, annual operating hour of 7,772 h and a 
constant flow rate of 348 m3/s. The amount of ESP dust generated was estimated based on 
separate trials which aimed to evaluate the efficiency of ESP for abating particulate 
emissions. The results from the trials showed that precipitators exhibited a particulate 
abatement efficiency approaching 83% when the plant was operated in normal conditions. 
This was substantially lower than the default efficiency of 95% used in the initial 
methodology. This model was also applied to 238U and all data are summarised in Table IV.7. 
 
 
 
 
 
238U ~ 90 - 100% 
210Pb ~ 70 - 80% 
210Po ~ 50 - 60% 
238U: 59 - 74 GBq 
210Pb: 55 - 78 GBq 
210Po: 48 - 85 GBq 
 
238U < 5% 
210Pb ~ 10 - 15% 
210Po ~ 30 - 40% 
238U < 5 % 
210Pb ~ 5 - 15% 
210Po ~ 10 - 20% 
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Table IV.7. Annual tonnages, 238U, 210Pb and 210Po activity concentration ranges in the raw mix input 
and output materials used in the iron sintering process at sinter plant B in 2013 
Materials 
Weight 
(tonnes) 
238U 
(Bq/kg) 
210Pb 
(Bq/kg) 
210Po 
(Bq/kg) 
Raw mix 4,500,000 15 ± 5a 20 - 88 (n=3) 16 -67 (n=4) 
Sinter 3,970,000 18 ± 6a 7 - 24 (n=2) 5 - 22 (n=2) 
ESP Dust 3,990 16 - 19 (n=2) 1,110 - 58,170 (n=11) 690 - 56,300 (n=8) 
Emission particulate 820 14 - 24 (n=2) 19,690 - 106,000 (n=23) 50,190 - 222,220 (n=23) 
a Absolute uncertainty k=2 (see Appendix II) 
 
As can be seen in Tables IV.7, the variability of 210Po and 210Pb activity concentrations in the 
waste off-gas dusts collected by the ESP and emitted to atmosphere was much greater than 
the ranges observed at sinter plant A. The tonnages presented in Table IV.7 also implied a 
loss in the system which could be linked to potential uncontrolled fugitive emission of dusts 
in the workplace. Detailed occupational assessment studies were carried out at both UK sinter 
plants to determine the radiological risk from chronic exposure to dust enriched in 210Po and 
210Pb and will be discussed in Chapter V. Although a significant variability of 210Po and 210Pb 
activity concentrations could be observed in the raw mix input and output materials, an 
estimated annual distribution model was created and is shown in Figure IV.5. 
 
Figure IV.5. Annual 238U, 210Pb and 210Po activity balances at sinter plant B 
 
 
 
 
 
 
 
 
 
 
 
 
 
238U ~ 90 - 100% 
210Pb ~ 30 - 40% 
210Po ~ 30 - 40% 
238U: 45 - 90 GBq 
210Pb: 90 - 396 GBq 
210Po: 72 - 302 GBq 
 
238U < 5% 
210Pb ~ 30 - 40% 
210Po ~ 30 - 40% 
238U < 5 % 
210Pb ~ 20 - 30% 
210Po ~ 30 - 40% 
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The annual distribution showed a different repartition of 210Po and 210Pb than the initial 
repartitions observed in 2009 and to the distribution observed at sinter plant A. Indeed 210Po 
and 210Pb seemed to equally balance between the sinter product, the off-gas dusts collected by 
the ESP and the fine dusts emitted at the stack. This new distribution and the important 
variability of 210Po and 210Pb activity concentrations observed in the raw mix input and output 
materials can be explained by major differences in the recycling practices with blast furnace 
dust materials at sinter plant B. Indeed, since 2013 one of the two operating blast furnaces in 
plant B was equipped with a new dry cyclone system. A similar cleaning system was 
implemented the following year at one of the three blast furnaces operated in plant A. The 
impact on radioactivity input from the installation of this new type of gas cleaning system was 
not initially incorporated in the calculation of the total radioactivity input entering the iron ore 
sintering process, which could partially explain the differences observed between predicted 
and measured 210Po and 210Pb releases at both UK sinter plants since 2013. A study was 
consequently undertaken to statistically compare the 210Pb activity concentration in different 
types of blast furnace coarse dusts and slurries produced from the different gas cleaning 
systems used at the two UK integrated steelworks in operation. 
 
4.2.5 Review of the contribution to total radioactivity from recycling blast 
furnace dust and slurry materials 
 
4.2.5.1 210Pb activity concentration in blast furnace coarse dusts 
 
Blast furnace dust catcher and dry cyclone systems are both used to collect coarse material 
containing relatively high iron and carbon content which can be recycled into the iron ore 
sintering process. Dry cyclone systems are known to be more efficient than traditional dust 
catcher systems and therefore reduce wet sludge at the final stage of wet scrubbing. Coarse 
dusts from both types of cleaning process are not segregated prior being recycled in the iron 
ore sintering process and are assumed to contain similar 210Po and 210Pb activity 
concentrations when calculating the total radioactivity input entering the process. To 
investigate the need for differentiating and segregating dust and slurry materials prior to 
recycling, 210Pb was used as a reference and determined in several samples collected from 
both types of blast furnace gas cleaning process and from both UK integrated steelworks. All 
differences were then statistically tested using the analysis of variance test (ANOVA).123 The 
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test statistic for testing the null hypothesis H0 , meaning no difference between the means, is 
described
 
in Equation D: 
 
           Eq. D 
where nj is the sample size in the jth group,       is the sample mean in the jth group, and  is the overall 
mean, k represents the number of independent groups, and N represents the total number of 
observations in the analysis (sum of nj). 
 
In order to validate the agreement between groups, F needs to be below a critical value which 
can be found in a table of probability values for the F distribution with degrees of freedom 
df1=k-1 and df2=N-k at a level of confidence of 95% (α=0.05). The results for plants A and B 
are presented in Table IV.8 and the details of the calculations are provided in Appendix VII. 
 
Table IV.8. Comparison between 210Pb activity concentrations in blast furnace coarse dusts from dust 
catchers and dry cyclone cleaning systems 
Plant 
210Pb dry cyclone (Bq/g) 210Pb dust catcher (Bq/g) 
F test 
F critical 
value Mean n Mean n 
A 0.61 4 0.51 12 0.35 4.60 
B 0.64 7 0.61 15 0.06 4.35 
 
As can be seen in Table IV.8, no significant difference was observed between the 
concentration of 210Pb in coarse dusts from traditional dust catchers and from more recent dry 
cyclone cleaning systems at both integrated steelworks. These results confirmed that coarse 
dusts from different cleaning processes did not need to be segregated and radioactivity data 
from the analysis of these materials could be compiled and used as a unique contributor to 
determine the total input of radioactivity in each UK iron ore sintering process. 
 
4.2.5.2 210Pb activity concentration in blast furnace slurry materials 
 
Wet scrubbing is used to extract fine particles from the gas stream generated in the blast 
furnaces. The resulting sludge has a relatively high zinc content, which may present an 
obstacle for its reuse in the iron ore sintering process. At plant A, the sludge is further treated 
by means of a hydrocyclone where the resulting underflow fraction containing a reduced 
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amount of zinc can be recycled at the sinter plant. The slurries from the three blast furnaces in 
operation in plant A are mixed prior to hydrocycloning. The effect on 210Pb content in the 
underflow fraction from the implementation of upstream dry cyclone process was investigated 
by comparing with historical data obtained before the implementation of the dry cyclone in 
2014 using ANOVA. The results are presented in Table IV.9 and the methodology in 
Appendix VII. 
 
Table IV.9. Comparison between 210Pb activity concentrations in hydrocyclone underflow fractions 
generated before and after implementation of a new dry cyclone at one of the three operating blast 
furnaces in plant A 
Plant 
210Pb before (Bq/g) 210Pb after (Bq/g) 
F test 
F critical 
value Mean n Mean n 
A 0.47 3 0.54 3 1.49 7.71 
 
As can be seen in Table IV.9, no statistically significant difference was observed between the 
210Pb content in hydrocyclone underflow fractions currently produced and the underflow 
fractions produced before the implementation of the new dry cyclone at one of the three blast 
furnaces in operation at plant A. Indeed the F score obtained from this test was found to be 
below the critical value of 7.71. This information confirmed there was no need to review the 
contribution to total 210Po and 210Pb inputs in the iron ore sintering process from the recycling 
of this type of material at sinter plant A. 
 
At plant B, the difference between 210Pb concentration in slurry materials following the 
implementation of a dry cyclone and 210Pb concentration in slurries generated from the other 
blast furnace equipped with a traditional dust catcher was also tested using ANOVA. The 
results are presented in Table IV.10 and the methodology in Appendix VII. 
 
Table IV.10. Comparison between 210Pb activity concentrations in slurries generated from a blast 
furnace fitted with a new dry cyclone and from another blast furnace equipped with a traditional dust 
catcher system in plant B 
Plant 
210Pb slurries after dry 
cyclone (Bq/g) 
210Pb slurries after dust 
catcher (Bq/g) F test F critical 
value 
Mean n Mean n 
B 10.90 7 3.22 10 11.92 4.54 
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As can be seen in Table IV.10, the F score from this test was greater than the critical value 
meaning that a statistically significant difference could be observed between the 210Pb content 
in slurries following the installation of the new dry cyclone and 210Pb content found in slurries 
after the conventional dust catcher. The increase of radioactivity in slurries following the dry 
cyclone was then incorporated into the prediction correlations. In the previous prediction 
models, mean activity values of 1.95 Bq/g of 210Po and 4.26 Bq/g of 210Pb (based on 21 and 
34 measurements made between 2007 to 2015 respectively) were used to determine the input 
of radioactivity from the recycling of blast furnace slurries in the sinter plant B. A review of 
the calculation of the total 210Po and 210Pb inputs was then performed in the light of these new 
data. Although the slurries from both blast furnaces could not be segregated due to 
operational constraints, the proportions of both types of slurries in the mix were estimated 
based on 4 months production figures obtained in 2013 and were used to calculate the new 
contribution to the total radioactivity inputs in sinter plant B. The mix was assumed to range 
from 13% to 52% of slurries after the dry cyclone with an average of 30% leading to new 
mean 210Po and 210Pb activity concentration reference values of 1.91 Bq/g and 5.52 Bq/g 
respectively rather than initial 1.95 and 4.26 Bq/g. 
 
A comparative study was then carried out to review the agreement between the predicted 
210Po and 210Pb releases and measured releases for each bed where stack measurements were 
undertaken between 2013 and 2015. The predicted emission ranges of 210Po and 210Pb were 
calculated using the reviewed total inputs, the original prediction correlations developed in 
2009, a same dry stack flow rate of 348 m3/s, the duration of each bed and their respective 
annual respective operational factors presented in Table IV.11.  
 
Table IV.11. Annual operating factors 
Sinter plant B operating factor Year 
0.89 2013 
0.89 2014 
0.86 2015 
 
As shown in Figure IV.6, predicted 210Po released per bed of materials typically ranged from 
0.4 to 2 GBq, while predicted 210Pb releases per bed of materials ranged from 0.2 and 1.5 
GBq. Error bars were applied to both measured and estimated releases. For the measured 
releases, the bars represent the standard deviation of the analytical results for all 
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measurements carried out on samples from the same bed excluding potential sampling errors. 
The bars of the estimated releases represent the range when using the maximum (52%) and 
the minimum (13%) proportions of blast furnace slurries following dry cycloning entering the 
iron ore sintering process based on 4 months production figures in 2013. 
 
Figure IV.6. Comparison between predicted and measured 210Po and 210Pb releases at sinter B between 
2013 and 2015 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Overall, better agreements could be observed between measured and predicted 210Po and 210Pb 
releases. Nevertheless, despite the review of the calculation of total radioactivity inputs 
entering the process, significant differences could still be noticed, particularly for 210Po 
implying that other parameters needed to be considered in the correlations. 
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4.2.6 Development of new site-specific prediction correlations 
 
Due to the fragmentation of the UK steel industry in 2015 and different material management 
practices observed at the two UK integrated steelworks, it was decided to develop site-
specific prediction models for estimating the 210Po and 210Pb emissions from each UK sinter 
plant. Six representative samples of raw mix entering sinter plant A and eight representative 
samples of raw mix entering sinter plant B were collected between 2013 and 2015 for which 
stack emission filters were also available. Table IV.12 summarises the measured 210Po and 
210Pb activity concentrations in raw mixes and the associated 210Po and 210Pb stack emission 
data measured for each bed considered in this study. The new 210Po and 210Pb prediction 
correlations for sinter plant A are displayed in Figures IV.7 and 8 respectively and the new 
210Po and 210Pb prediction correlations obtained for sinter plant B are shown in Figures IV.9 
and 10 respectively. In contrary to the initial predictions, the new correlations now intercept 
0. As shown in Table IV.12, the 210Po input concentration varied between 11 and 23 kBq/t at 
sinter plant A while it varied between 16 and 67 kBq/t at sinter plant B confirming a higher 
variability of radioactivity input in sinter plant B. The 210Pb input concentration varied in a 
similar range to those observed for 210Po. The 210Po and 210Pb emissions from sinter plant A 
were also more consistent than emissions from sinter plant B, varying on average from 2.85 to 
5.99 Bq/m3 and from 1.05 to 1.56 Bq/m3 respectively. A factor of nearly 8 was observed 
between the lowest and the highest 210Po and 210Pb stack emissions measured between 2013 
and 2015 at sinter plant B. Correlation factors of around 0.7 and slopes between 0.22 and 0.26 
were observed for both site-specific 210Po prediction correlations. However different 
correlation factors and slopes were noticed for 210Pb. Indeed a coefficient factor of 0.51 was 
observed at sinter plant A while an excellent coefficient of 0.82 was obtained for sinter plant 
B. Finally the slope calculated at sinter plant A was half that for sinter plant B, demonstrating 
that a single model covering both UK sinter plants was not appropriate. 
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Table IV.12. 210Po and 210Pb activity concentrations in representative raw materials and associated 210Po and 210Pb stack emissions from both UK sinter plants 
between 2013 and 2015 
            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a Absolute uncertainty k=2 (see Appendix II) 
            b Standard deviation observed for n measurements 
  c Invalid in-growth data 
d Representative sample not available 
 
 
 
Sinter plant Year Month 210Po raw mix (kBq/t)a 210Pb raw mix (kBq/t)a 210Po emission (Bq/m3)b 210Pb emission (Bq/m3)b 
A 
2013 
May 23 ± 2 21 ± 3 5.47 1.42 
September 17 ± 2 21 ± 4 5.99 ± 2.65 1.33 ± 0.51 
2014 
February 16 ± 2 21 ± 3 4.63 ± 1.65 1.56 ± 0.05 
August 20 ± 2 15 ± 3 4.60 ± 1.31 1.04 ± 0.39 
2015 
March 13 ± 2 13 ± 3 3.61± 0.09 1.05 ± 0.10 
July 11 ± 2 13 ± 3 2.85 ± 0.30 1.16 ± 0.06 
B 
2013 
January 42 ± 4 n.a.c 9.48 ± 2.47 3.90 ± 1.09 
July 16 ± 2 20 ± 3 6.07 ± 0.56 2.97 ± 0.20 
2014 
March 67 ± 5 52 ± 9 16.37 ± 3.19 6.56 ± 1.74 
September 44 ± 4 35 ± 4 11.79 ± 1.98 4.61 ± 0.50 
2015 
February 41 ± 3 n.a.c 5.04 ± 0.88 2.55 ± 0.20 
March 44 ± 4 47 ± 6 10.10 ± 0.13 7.18 ± 3.64 
November 34 ± 3 n.a.d 7.49 ± 1.23 2.57 ± 0.15 
December 28 ± 3 20 ± 5 2.11 ± 0.19 0.65 ± 0.01 
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Figure IV.7. Measured stack 210Po emissions as a function of measured 210Po input in the raw mix 
between 2013 and 2015 at sinter plant A 
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Figure IV.8. Measured stack 210Pb emissions as a function of measured 210Pb input in the raw mix 
between 2013 and 2015 at sinter plant A 
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Figure IV.9. Measured stack 210Po emissions as a function of measured 210Po input in the raw mix 
between 2013 and 2015 at sinter plant B 
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Figure IV.10. Measured stack 210Pb emissions as a function of measured 210Pb input in the raw mix 
between 2013 and 2015 at sinter plant B 
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4.2.7 Variability and uncertainty 
 
4.2.7.1 Measurement uncertainty and process variability 
 
The accuracy and precision of the measurement of radioactivity emissions is influenced by 
the uncertainties in the measurement of the following factors: representative sampling of 
particulates in the waste gas, analysis of the collected particulates, measurement of the stack 
gas volumetric flow, volume of the sample gas extracted in the test, recording of the plant 
operating hours and process variability. 
 
When sampling is carried out according to BS EN 13284 (section 2.1.2), the accuracy of the 
results is dependent on the number of incremental samples taken across the sampling plane of 
the stack and the duration of sampling.75 Typically, in sampling for radioactivity in the waste 
gas sampling will be carried out at multiple points in the stack to obtain a representative 
sample and a sample volume of up to 0.5 Nm3 is extracted from the stack giving a sampling 
duration of 30 minutes. For a single measurement taken from the centre of the stack over 
duration of 10 minutes, the estimated accuracy of particulate sampling is ± 48%. Particulate 
samples for the measurement of radioactivity are collected over a period of 1h maximum so 
that the sampling uncertainty would probably be reduced to less than 20%. The analytical 
uncertainty depends on the level of radioactivity in the extracted sample of particulates but is 
typically around 10 - 15%. The accuracy of measurement of the stack gas volumetric flow is 
determined by the number of measurement points employed across the stack diameter and the 
number of diameters across which measurements are made and the accuracy of measurement 
of the diameter of the stack. To calculate the waste gas flow it is also necessary to know the 
waste gas temperature and density, and the static pressure in the stack. The accuracy in the 
measurement of waste gas temperature is not critical since an error of 10°C would result in an 
error of only around 1% in the gas velocity. Similarly, errors in measurement of the static 
pressure are very small, typically no more than 1%. Overall, provided the standard is 
accurately followed it is considered that the error in measurement of the waste gas flow 
should not exceed 10 to 15%.122 The uncertainty in measurement of the sample volume 
should be small with calibrated gas meters, probably of the order 2 to 3%. The annual 
operating time is generally logged by the plant process control computer and any attendant 
errors should be small, probably of the order 1% maximum. 
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The effect of process variability was difficult to assess. However, since the sintering process 
is continuous and operates under more or less steady-state conditions the main perturbations 
will occur due to process interruptions and bed changes. In most cases, sampling was carried 
out during the middle of processing a bed to eliminate potential bed end/start effects. 
Similarly, sampling was paused when there was a plant stoppage and only resumed when 
normal steady-state conditions were restored. The effect of process variations was minimised 
by taking replicate samples during a given sampling trial. However, the number of samples 
taken had to be balanced against the cost of sampling and therefore duplicate or triplicate 
samples were taken. 
 
4.2.7.2 Abatement efficiency of electrostatic precipitators 
 
In order to ease the development of the initial mass balances and prediction correlations in 
2009, the dust abatement efficiency of advanced ESPs and the recycling of dusts was assumed 
to be continuous and constant. In reality, ESP dusts are not continuously recycled in the 
process and the performance of ESP varies depending of the chemical nature of dust. Indeed, 
the dusts collected on ESP plates are periodically removed by rapping with a series of 
hammers causing the dust to fall into collection hoppers located beneath the plates. The 
collected dust is then transferred via chain conveyors and double cone valves to the return 
fines bin. This discontinuity in the recycling process could partially explain the differences 
observed between predictions and measurements of stack radioactive emissions from the iron 
ore sintering process. Factors that contribute to that discontinuity include rapping pulses and 
the representability of the ESP dust mix from different zones. 
 
Moreover the results from an investigative study carried out in 2012 and aimed at measuring 
the ESP performance at sinter plant B showed that the ESPs exhibited particulate abatement 
efficiency between 50 and 83% which was substantially lower than 95% that can be 
achieved.124 The resistivity, directly linked with the chemistry of the particles, is the main 
factor affecting the ESP abatement efficiency. Particles with high resistivity are difficult to 
charge, and, once they are charged, they do not readily give up their acquired charge on 
arrival on the collection plates of the ESP. Dust particles with high resistivity are then held 
too strongly to the plates making them difficult to remove by rapping. At the other end of the 
spectrum, particles with very low resistivity are easy to charge and release so quickly their 
charge once reaching the collection electrode that the neutral particles can be re-entrained in 
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the waste gas stream also reducing the abatement efficiency.125,126 Although the rapping of 
plates is automatically controlled using a randomised programme which could have been 
integrated in the model, this information was not investigated further in the new prediction 
models. As a consequence, these two parameters remained an important part of the total 
uncertainty associated with the modelling of 210Po and 210Pb stack emissions from the two UK 
sinter plants. 
 
4.2.7.3 Nature of 210Po and 210Pb in input materials and waste gas dusts 
 
The chemical forms of 210Po and 210Pb in the input materials and waste gas dusts used in the 
iron ore sintering process remain uncertain. Several chemical forms of 210Po and 210Pb, 
presenting different volatilities, are expected to enter the iron ore sintering process. This 
information is not integrated in the prediction models and therefore each input material is 
assumed to contribute equally to the stack emission irrespectively to the nature of 210Po and 
210Pb it contains. It is known that both radionuclides are directly related to natural lead in iron 
ore materials (chapter III) and that lead often occurs naturally in sulphide, oxide or carbonate 
forms. However, no specific evidence is available to confirm the nature of lead in raw 
materials entering the iron ore sintering process and the blast furnaces. Under the conditions 
of temperature and pressure in these processes, lead can potentially react to form more 
volatile compounds. Reactions can include the oxidation of sulphides, decomposition of 
carbonates, reduction of oxides and subsequent reaction with highly reactive chlorine species 
mainly sourced from the recycling of blast furnace materials. The resulting lead chlorides 
concentrating in the waste gas dusts of both processes are more volatile than the original 
species present, leading to their increased mobilisation from the bed of material being 
processed into the waste off-gas streams. Indeed lead chloride forms have a vapour pressure 
of approximately 1230 K at normal pressure conditions while lead oxide and sulphide forms 
have a vapour pressure in the region of 1750 and 1540 K respectively.127 
 
However, investigations into the partitioning of 210Pb and 210Po between the gas and solid 
phases in the waste gas stream confirmed that more than 99% of both radionuclides were 
associated with the particulate phase of the stack emission.35 This can be explained by the fact 
that vaporised forms of both radionuclides and lead re-condense on the surface of existing 
particles or react with other solid species as the gas cools in the waste gas duct. Sammut et al. 
investigated the speciation of lead in stack emission from a sinter plant in operation in France 
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and confirmed its presence mainly as cerussite (PbCO3) and anglesite (PbSO4) due to the 
presence of high concentration of CO2 and SO2 respectively.128 
 
In order to support some of these hypotheses,
 
a study was first carried out to confirm a good 
correlation between 210Pb, 210Po and lead in materials other than iron ores. As can be seen in 
Figures IV.11 and 12, excellent correlations between lead with both radionuclides were 
obtained in blast furnace dust and slurry materials. Both correlation factors were found to be 
above 0.98 comfirming the hypothesis that lead could be used to further investigate the 
chemical forms of 210Po and 210Pb in iron-making materials. 
 
Figure IV.11. Correlation between 210Pb and total lead in blast furnace coarse dusts and slurries 
collected at both UK integrated steelworks 
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Figure IV.12. Correlation between 210Po and total lead in blast furnace coarse dusts and slurries 
collected at both UK integrated steelworks 
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Energy dispersive spectrometry (EDS) coupled to a scanning electron microscopy (SEM) 
(XL30, Philips, The Netherlands) was then used to investigate the presence of chloride forms 
of lead in a sample of coarse dust and a sample of slurry collected in 2014 at one blast furnace 
in plant B. To prevent charging of samples, the two dust samples were pre-coated with 
carbon. The information from X-rays generated from the interactions between accelerated 
electrons and the sample was used to quantify lead and chlorine in the samples. The pictures 
of analysed areas for both samples are shown in Figure IV.13 and the associated compositions 
are presented in Table IV.13. 
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Figure IV.13. SEM images of a blast furnace coarse dust (A&B) and slurry samples (C&D) 
 
 
A 
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Table IV.13. Elemental composition of analysed areas of the two blast furnace dust and slurry samples
 
Sample  Picture  
Weight percent, % 
Na Mg Al Si P S Cl K Ca Fe Zn Pb 
BF coarse dust 
A 5.9 1.8 4.6 5.5 0.0 3.3 2.2 3.6 5.7 37.3 30.0 0.0 
B 0.7 1.8 3.4 8.2 0.0 1.0 0.8 2.0 15.2 66.8 0.0 0.0 
BF slurry 
C 0.0 0.0 0.9 0.0 0.0 0.0 2.0 0.0 0.0 99.1 0.0 0.0 
D 0.0 0.0 11.7 13.4 0.0 16.4 3.0 0.0 7.9 37.5 13.1 0.0 
 
As expected, the main elements found in the samples were iron, calcium, silicium and 
aluminium. Unfortunately, lead could not be detected in the samples due to its presence in 
trace amounts below the limit of detection of the method. As a consequence, another approach 
was then contemplated using ion chromatography and XRF to confirm a concentration trend 
of water soluble chloride and lead concentrations throughout the process (see 2.6.1 and 2.6.3). 
As shown in Table IV.14, a clear concentration effect of both species was noticed in waste 
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off-gas blast furnace and in ESP dust materials. Although no direct linear correlation could be 
observed between water soluble chlorides and lead in blast furnace waste gas materials, a 
clear correlation could be established for bulk ESP samples, as displayed in Figure IV.14. 
This correlation confirmed that the potential chloride forms of lead (indirectly 210Po and 
210Pb) volatilising during sintering were re-condensing with solid particles and suggested that 
a weighted arithmetic mean reflecting a higher contribution to the total input of radioactivity 
in the process from
 
the recycling of blast furnace materials would be more appropriate to 
predict 210Po and 210Pb stack emissions. 
 
Table IV.14. Range of water soluble chloride and lead concentrations in input materials used in both 
UK sinter plants between 2013 and 2015 
Sample Cl- (% mass) Pb (% mass)  
Raw material <0.01 <0.02 
Recycled BF dust material <0.01 - 0.21 (n=16) 0.01 - 1.1 (n=16) 
Recycled ESP dust material 0.19 - 11.22 (n=10) 0.14 - 3.3 (n=10) 
 
Figure IV.14. Correlation between water soluble chlorides and lead in ESP dusts recycled at both UK 
integrated steelworks between 2013 and 2015 
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4.2.7.4 Fugitive emissions in the workplace 
 
A sinter plant is an industrial process producing a variable quantity of fugitive dusts and this 
parameter was not taken into account in the prediction models. Nevertheless, the radiological 
risk associated with fugitive emission in different workplaces of the iron ore sinter plant was 
further investigated in the next chapter. 
 
4.3 Blast furnace process 
 
4.3.1 Mass balance model 
 
In contrast with the iron ore sintering process, the blast furnace process is a more closed 
system as it does not have important atmospheric release from a stack. However, potential 
losses can also occur from fugitive emissions. As for the iron ore sintering process, the 
fugitive emissions from the blast furnaces were considered negligible to simplify the mass 
balance investigation. The 238U, 210Pb and 210Po activity concentrations in the following input 
materials such as sinter product from the sinter plant, ore pellets, coal and coke were used to 
study their partitioning between the iron product, slag by-product, and solid materials 
collected from the gas cleaning plant. The model is schematically represented in Figure IV.15. 
 
Figure IV.15. Schematic representation of the blast furnace process mass balance model 
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4.3.2 Blast furnaces operated in plant A 
 
The tonnages of the main input and output materials used in the two blast furnaces in 
operation in plant A between December 2012 and January 2013 were used schematically to 
represent the repartition of 238U, 210Pb and 210Po in the blast furnace process on an annual 
basis. Unfortunately, 226Ra could not be determined in all the main input and output materials 
circulating in the blast furnaces. Nevertheless, its fate was indirectly studied using barium as a 
chemical tracer. The tonnage information for all input materials, production of liquid iron, 
slag and flue dusts was provided by the operator. The amount of slurries collected by the wet 
cleaning process was estimated to be equivalent to 0.5% of the liquid iron produced based on 
recommendations from the operators. A separation ratio of 75% / 25% between underflow 
and overflow fractions was assumed, based on initial studies to determine the tonnages of 
both fractions resulting from the hydrocyclone.129 At least one representative sample of each 
input / output material was collected between December 2012 and January 2013 and analysed 
for 238U, 210Pb, 210Po and barium. The tonnages and the concentration ranges of all materials 
entering and leaving the two blast furnaces are shown in Table IV.15 and the annual mass 
balance model is displayed in Figure IV.16. 
 
Table IV.15. Annual tonnages and 238U, 210Pb and 210Po and Ba concentrations in the main solid input 
and output materials used in the two blast furnaces in plant A in 2013 
Materials 
Weight  
(tonnes) 
238U 
(Bq/kg) 
210Pb 
(Bq/kg) 
210Po 
(Bq/kg) 
Ba 
(mg/kg) 
Sinter 3,200,000 16 - 20 (n=2) 12 - 16 (n=3) 6 - 12 (n=3) 101 ± 5 
Ore pellets 1,500,000 4 - 8 2 - 5 2 - 5 15 - 150 
Coke, Coal 1,500,000 11 - 15 2 - 5 2 - 5 103 
Liquid iron product 3,000,000 <2 <1 <1 <1a 
Slag 850,000 112 - 208 <1 <1 610 
Flue dust 20,000 15 - 19 530 - 590 220 - 240 98 
Slurry underflow fraction 11,250 12 - 14 420 - 480 190 - 210 116 
Slurry overflow fraction 3,750 15 - 16 4,520 - 5,220 2,220 - 2,300 240 
    a based on historical data 
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Figure IV.16. Annual 238U, 210Pb, 210Po and Ba balances at typical blast furnace operated in plant A 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on these results, it became clear that both 238U and 226Ra (using barium as a tracer) 
almost completely concentrates in the slag produced in the blast furnaces where up to 75% of 
238U and 65% of 226Ra comes from the sinter material. Higher contributions from the sinter 
input were noticed for 210Pb and 210Po, ranging from 73 to 90% and from 58 to 86% 
respectively. This is due to the fact that sinter is the largest input material entering the blast 
furnaces and a fraction of 210Pb and 210Po is depleted in the coke-making and iron ore 
pelletising processes. Numerous studies confirmed the presence of enhanced concentration of 
238U decay products, particularly, 210Pb and 210Po in ash materials produced from the 
combustion of coal.20,130,131,132 However, no studies were reported on the effect on 210Pb and 
210Po from pelletising iron ore materials. Finally, 210Pb and 210Po results in slag and pig iron 
materials were found to be below 1 Bq/kg, confirming that both nuclides were only present in 
the dusts collected by the successive gas cleaning processes. 
 
4.3.3 Blast furnaces operated in plant B 
 
A similar methodology was applied to the two blast furnaces in operation in plant B. The 
annual repartitions of 238U, 210Pb and 210Po were developed using tonnages of the main input 
and output materials between April 2013 and August 2013. The distribution of 226Ra was 
indirectly investigated using barium as a chemical tracer. The tonnage information for all 
input materials, production of liquid iron, slag and coarse dust materials was provided by the 
?
Dusts 
238U < 1% 
210Pb ~ 100% 
210Po ~ 100% 
Ba < 1% 
Liquid iron 
238U < 1% 
210Pb < 1% 
210Po < 1% 
Ba < 1% 
 
Slag 
238U ~ 100% 
210Pb < 1% 
210Po < 1% 
Ba ~ 100% 
 
Sinter 
238U: 51 - 64 GBq 
210Pb: 38 - 51 GBq 
210Po: 19 - 38 GBq 
Ba: 323 t 
Ore pellets 
238U: 6 - 12 GBq 
210Pb: 3 - 7 GBq 
210Po: 3 - 7 GBq 
Ba: 23 - 225 t 
Coke, Coal 
238U: 16 - 22 GBq 
210Pb: 3 - 7 GBq 
210Po: 3 - 7 GBq 
Ba: 155 t 
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operators. The tonnage of slurries produced from the blast furnace equipped with a dry 
cyclone system was estimated to be 25% of the tonnage of coarse dust whereas the tonnage of 
slurries produced from the blast furnace equipped with a traditional dust catcher was 
estimated to be equal to the tonnage of coarse dust. Historical data were used to provide an 
average concentration of barium in the mix of iron ore pellets and coke materials as some 
materials could not be obtained. At least one representative sample of each other input / 
output material was collected and analysed for 238U, 210Pb, 210Po and barium. Ore pellets and 
coke materials were assumed to be in secular equilibrium and therefore their contents of 238U 
and 210Pb were determined using their respective measured 210Po activity concentration. The 
tonnages and the concentration ranges observed for all input and output materials of the two 
blast furnaces are shown in Table IV.16 and the annual mass balance model is displayed in 
Figure IV.17. 
 
Table IV.16. Annual tonnages and 238U, 210Pb and 210Po and Ba concentrations in the main solid input 
and output materials used in the two blast furnaces BF1 and BF2 in plant B in 2013 
Materials 
Weight 
(tonnes) 
238U 
(Bq/kg) 
210Pb 
(Bq/kg) 
210Po 
(Bq/kg) 
Ba 
(mg/kg) 
BF1      
Sinter 1,650,000 18 ± 6a 7 - 24 (n=2) 5 - 22 (n=2) 391 
Ore pellets 1,310,000 12b 12b 12 48c 
Coke, Coal 990,000 7b 7b 7 224c 
Liquid iron product 1,930,000 <2d 1 6 <1c 
Slag 480,000 255 2 2 1,078 
Coarse dust 58,800 15 450 - 710 140 89 
Slurry 14,700 28 3,980 2,270 236 
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Table IV.16.Cont. 
Materials 
Weight 
(tonnes) 
238U 
(Bq/kg) 
210Pb 
(Bq/kg) 
210Po 
(Bq/kg) 
Ba 
(mg/kg) 
BF2      
Sinter 1,900,000 18 ± 6a 7 - 24 (n=2) 5 - 22 (n=2) 391 
Ore pellets 1,520,000 12b 12b 12 48c 
Coke, Coal 1,120,000 7b 7b 7 224c 
Liquid iron product 2,190,000 <2d 1 6 <1c 
Slag 545,000 313 <1c <1c 1,466 
Coarse dust 31,600 22 360 - 630 300 113 
Slurry 31,600 15 1,350 790 188 
                 a  Absolute uncertainty k=2 (see Appendix II) 
                 b 238U decay chain in secular equilibrium assumed 
                 c based on historical data 
                 d based on plant A data 
 
Figure IV.17. Annual 238U, 210Pb, 210Po and Ba balances at typical blast furnace operated in plant B 
 
 
 
 
 
 
 
 
 
 
 
 
 
The repartitions of 238U, 226Ra (Ba), 210Pb and 210Po observed in the blast furnaces operated in 
plant B were found to be similar to the repartitions observed from plant A. Indeed, in contrast 
?
Dusts / slurries 
238U < 1% 
210Pb ~ 100% 
210Po ~ 100% 
Ba < 1% 
Liquid iron 
238U < 1% 
210Pb < 1% 
210Po < 1% 
Ba < 1% 
Slag 
238U ~ 100% 
210Pb < 1% 
210Po < 1% 
Ba ~ 100% 
 
Sinter 
238U: 30 GBq 
210Pb: 12 - 40 GBq 
210Po: 8 - 22 GBq 
Ba: 645 t 
Ore pellets 
238U: 16 GBq 
210Pb: 16 GBq 
210Po: 16 GBq 
Ba: 43 t 
Coke, Coal 
238U: 7 GBq 
210Pb: 7 GBq 
210Po: 7 GBq 
Ba: 222 t 
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to 210Pb and 210Po, 238U and 226Ra do not seem to concentrate in the materials collected in the 
successive gas cleaning processes. Both 226Ra and 238U almost completely concentrate in the 
slag to up to 0.24 and 0.31 Bq/g (chapter III, section 3.3.2, Table III.10; chapter IV, section 
4.3.3, Table IV.16), respectively. 
 
4.4 210Pb and 210Po modelling in the cement-making process 
 
In 2013, a working group led by DECC and the Government developed a strategy aimed at 
improving the management of NORM waste in the UK. An extensive data collection exercise 
was carried out in support of its development and the results of this exercise were publicly 
reported in 2014.15 In the UK, the steel industry, alongside the titanium oxide and the oil and 
gas industries, is currently one of the industrial sectors producing the largest quantities of 
solid NORM waste in term of mass generated per year. Approximately 10,000 tonnes of 
dewatered BFHCOF material is produced annually from the three blast furnaces currently in 
operation at plant A. The blast furnace slurry materials arising from the two blast furnaces in 
plant B are not hydrocycloned but are instead transferred to a lagoon for settling naturally. 
Nearly 30% is of the resulting sludge is then recycled in the iron ore sintering process. The 
other 70% is stockpiled on an impermeable membrane with the intention of recovering the 
maximum amount of valuable elements using novel techniques prior to its disposal in 
specialist landfill sites. 
 
Currently, none of the arising dewatered BFHCOF material produced from plant A is 
disposed of in a specialist facility as this material is used as an alternative source of iron in the 
preparation of cement. Blast furnace slag is commonly used as aggregate in cement and 
concrete to increase their durability and numerous studies were carried out to determine the 
potential radiological impact from its use in building materials.12 However, it is less 
commonly known that other waste streams of the steel industry can also be of interest in the 
cement industry. The main elements required to produce cement are calcium, silica, 
aluminium and iron, which are generally extracted from limestone rock, chalk, clay and iron 
ore. These minerals are first mixed and crushed through a milling process to produce a fine 
powder called raw meal. The raw meal is then preheated and charged to a kiln for further 
processing. The kiln is the heart of the manufacturing process where the raw meal is heated to 
around 1,500◦C using different types of fuels to form a cement clinker. The cement clinker is 
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then cooled and a small amount of gypsum (generally between 3 and 5%) is added to it to 
regulate how the cement will set. Industrial gas cleaning systems are also implemented to 
remove dusts from the waste gas stream of the kiln and thus reduce particulate emission at the 
stack.133 
 
In this case study, the fate of lead, 210Pb and 210Po from the reuse of dewatered BFHCOF 
material in one UK cement-making plant was investigated. Representative samples of the 
main raw materials and cement clinker were collected and characterised. The off-gas stream is 
cleaned by means of a dry cyclone in series with a downstream ESP. The dry cyclone and 
ESP dusts are then mixed together prior being sold as an agricultural fertilizer. A 
representative sample of the mix was also collected and characterised. During this work trial, 
the material supplied from the steel industry comprised 25% of dewatered BFHCOF and 75% 
of dewatered slurry materials arising from the BOS plant. The lead content of the combined 
material and the dust mix generated from the kiln gas cleaning processes was determined by 
XRF. The lead content of raw materials was determined by ICP-MS. The 210Pb activity 
concentration in all materials was determined by gamma spectrometry following the 
methodology described in chapter II with the exception that the CRM IAEA-434 
(phosphogypsum) was used as a reference to determine the 210Pb activity concentration in the 
kiln dust mix sample rather than the iron oxide reference material developed in this project. 
The 210Pb activity concentrations in raw materials could not be determined by gamma 
spectrometry. A secular equilibrium was then assumed between 210Pb and 210Po, determined 
by alpha spectrometry. The 2011 annual tonnage figures from this particular plant with an 
annual capability of production of 800,000 tonnes were also obtained and all data are 
summarised in Table IV.17 and an annual mass balance model is displayed in Figure IV.18.  
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Table IV.17. Annual tonnages, 210Pb and 210Po and lead concentrations in raw materials and waste gas 
dust materials generated from a typical UK cement-making plant with a capability of annual 
production of 800,000 tonnes of cement 
Materials Tonnages 
Leada 
(mg/kg) 
210Pba 
(Bq/kg) 
210Poa 
(Bq/kg) 
Limestone 468,000 4.1 ± 0.2 3 ± 2b 3 ± 2 
Clay 78,000 22.8 ± 1.3 27 ± 3b 27 ± 3 
Sand 19,000 6.7 ± 0.4 9 ± 2b 9 ± 2 
Iron oxide materialc 16,000 2,900 ± 100 1,400 - 3,440 (n=12) 1,660 - 2,690 (n=4) 
Coal & alternative fueld 80,000 4.3 ± 0.2 6 ± 2b 6 ± 2 
Clinker 354,600 5.0 ± 0.3 <58 3 ± 2 
Kiln dust mix 18,750 2,780 ± 100 590 ± 50 820 ± 20 
a Absolute uncertainty k=2 (see Appendix II) 
b Secular equilibrium assumed between 210Pb and 210Po  
c 75% BOS slurry / 25% BFHCOF 
d Analysis of a representative sample of coal 
 
As can be seen in Tables IV.17, it became clear that the alternative iron oxide material 
supplied by the steel industry was the principal source of lead, 210Pb and 210Po in the process 
representing at least 90% of the respective total input. It also showed that lead, 210Pb and 210Po 
were entirely concentrating in the waste off gas streams. Unfortunately, stack emission 
samples were not available for analysis. As a consequence, a more accurate repartition 
between the dust fraction collected by the successive gas cleaning processes and the fraction 
emitted to the atmosphere from the stack could not be confirmed. However, estimations of 
emission were made in assuming a balanced and closed system. The estimated stack emission 
of lead was found to be in agreement with the mass release figure of 0.1 t reported to the EA 
in 2011, reinforcing the validity of this model. As 210Po is more volatile than 210Pb, a higher 
210Po concentration was determined in the kiln dust mix and the emission of 210Po was 
estimated to be at least 10% greater than 210Pb.  
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Figure IV.18. Annual 210Pb, 210Po and lead balances at a typical UK cement-making plant with a 
capability of annual production of 800,000 tonnes of cement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.5 Key findings 
 
It was first established that 210Po and 210Pb emitted in iron ore sintering were associated 
almost entirely with particulate matter (> 99.5% and > 99.9%, respectively). This work has 
benefitted from collaboration with the regulatory authorities who have confirmed that best 
practicable means were used to measure and control sinter plant stack emissions  in the UK. 
 
Compartmental modelling was developed to display simplistically the repartition of 238U, 
226Ra (Ba), 210Pb and 210Po in the iron ore sintering and blast furnace processes. The original 
model used to study the fate of 210Pb and 210Po in the iron ore sintering process was applied to 
238U and 226Ra (Ba). Even if the proportion of 238U present in the gas phase of the stack 
emission could not be determined, the balance observed between the input and the main 
outputs suggested that 238U did not concentrate in this process by comparison with 210Pb and 
210Po. Another model was created to further understand and display the repartition of these 
four natural radioisotopes in the main output materials of the blast furnace process. Although 
Pb reported publicly: 0.1 t 
Pb estimated: <0.1 t 
210Pb estimated: 0 - 27 GBq 
210Po estimated: 15 - 31 GBq 
 
Limestone 
Pb: 1.9 t  
210Pb: 1.4 GBq 
210Po: 1.4 GBq 
Clay 
Pb: 1.8 t  
210Pb: 2.1 GBq 
210Po: 2.1 GBq 
Sand 
Pb: 0.1 t  
210Pb: 0.2 GBq 
210Po: 0.2 GBq 
Iron oxide 
Pb: 46 t  
210Pb: 22 - 55 GBq 
210Po: 27 - 43 GBq 
Fuel 
Pb: 0.3 t  
210Pb: 0.5 GBq 
210Po: 0.5 GBq 
Kiln dust mix 
Pb: 52 t  
210Pb: 11 GBq 
210Po: 15 GBq 
Clinker 
Pb: 1.8 t  
210Pb: < 21 GBq 
210Po: 1 GBq 
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the model did not always show an excellent balance between inputs and outputs, it was 
confirmed that the majority of 238U and 226Ra (Ba) ended in the slag whereas 210Pb and 210Po 
both concentrated in the dusts and slurries collected by the successive gas cleaning processes. 
 
Due to important changes in material management and discrepancies observed between 
measured and estimated stack emissions in the past years at the two UK sinter plants, the 
initial predictions used to report annual emissions to the UK environment agencies were 
revisited with more recent data. The impact of recycling revert materials from the blast 
furnaces was reassessed following recent implementation of new gas cleaning systems at two 
blast furnaces in operation in the UK. More importantly, the information obtained from my 
modelling work helped to identify the most critical workplaces where potential overexposure 
to NORM could occur. Indeed, based on the results from characterisation and mass balance 
studies, it became clear that 238U and 226Ra would not constitute a significant radiological risk 
for the workforce operating the iron ore sintering and blast furnace processes in contrast to 
210Pb and 210Pb, which both concentrate in the waste gas streams of the two processes. 
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Chapter V. Dose assessment from chronic exposure to 
occupational dusts in the UK integrated steelworks 
 
5.0 Abstract 
 
In the last part of this research project, the information from characterisation (chapter III) and 
modelling studies (chapter IV) helped to identify the most critical workplaces where potential 
overexposure to NORM could occur in a typical integrated steelworks. It became clear that 
238U and 226Ra would not constitute a significant radiological risk for the workforce operating 
the iron ore sintering and blast furnace processes in contrast to 210Pb and 210Pb. Several 
monitoring campaigns were undertaken at the two UK sinter plants and a separate waste oxide 
briquetting plant reusing some of the waste gas dusts generated during the iron sintering 
process. The level of exposure at the UK blast furnace gas cleaning plants was not 
investigated as a previous study carried out in 2003 covered this workplace and showed low 
dose levels in the order of few tens of µSv. The aim of these monitoring campaigns was to 
assess the potential radiation doses from intake via ingestion and inhalation of occupational 
dusts containing elevated concentrations of 210Po and 210Pb. The doses were calculated based 
on a highly cautious approach and were found to range from less than 1 to 1,943 µSv, mainly 
due to the high variability of the radioactivity concentrations of raw materials entering the 
process, the abatement efficiency of the electrostatic precipitators used to clean the waste gas 
streams at the two UK sinter plants, the effectiveness of ventilation controls in the workplaces 
studied and the nature of the resulting off-gas dusts. Additionally, the disparity between 
PM100, PM10 and 210Pb/210Po activity concentrations observed over the different monitoring 
campaigns and sampling locations confirmed that use of positional short-term monitoring 
surveys to extrapolate intake over a year was not appropriate; personal air sampling is more 
appropriate to estimate the dose in those situations. However, although it has the advantage of 
collecting air close to a worker’s breathing zone, it is not always practicable and usually 
collects insufficient quantities of material for radiochemical analysis; this is a constraint when 
dealing with low specific activity materials. 
 
Another important source of uncertainty arises from the use of biokinetic and dosimetric 
models provided by the International Commission for Radiological Protection (ICRP). The 
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physical and chemical nature of the occupational PM100 and PM10 collected at one of the two 
UK sinter plants and the retention characteristics of 210Po and 210Pb in the body were 
evaluated to select the most suitable default coefficients provided by ICRP for converting 
intakes into dose. The results from in vitro dissolution tests of PM100 using synthetic gastro-
intestinal fluid confirmed the suitability of the f1 values associated with the default ingestion 
dose coefficients for both 210Po and 210Pb. The results from in vitro dissolution tests of PM10 
using a synthetic lung fluid and from the analysis of their size distribution in the workplace 
revealed an important risk of underestimating doses by inhalation from using the default 
inhalation dose coefficients for both 210Po and 210Pb in a working exposure context. 
 
5.1 Introduction 
 
Chronic occupational exposure to radioactive materials can occur as a result of various human 
activities, including work associated with nuclear, medical and research installations as well 
as occupations involving contact with NORM. The international framework for radiological 
protection was primarily developed to meet the demands of the nuclear and medical sectors 
but, since the 1980s, many countries around the world have been obliged to identify work 
activities that could cause significant radiation exposure owing to enhanced concentrations of 
natural radioactivity. In the United Kingdom, the Ionising Radiation Regulations 1999 
(IRR99) apply if a person is likely to receive an annual effective dose of ionising radiation in 
excess of 1 millisievert (mSv).51 Numerical activity concentration limits based on the annual 
dose limit are also provided to help with prior risk assessment. However, the main activities 
associated with industrial NORM in the UK are not explicitly listed in IRR99 but are now 
clearly identified in the Environmental Permitting (England and Wales) Regulations 2016 
(EPR16).52 
 
The health risks from exposure to natural radioisotopes from mineral ore processing settings 
are seriously considered by industrial representatives and health specialists but their 
evaluation remains a difficult exercise owing to the large number of personnel and operations 
affected, the lack of historical data, understandable concerns from employees and employers 
who are unfamiliar with radiological concepts, the chemical nature and the size distribution of 
occupational airborne dusts involved, assumptions made concerning the actual duration, the 
frequency of exposure and the level of radioactivity. In most radiological assessment studies 
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in the industrial NORM sector, occupational doses are calculated using illustrative exposure 
scenarios and conservative values for parameters such as dust levels in air and breathing 
rates.40,41,42 
 
Sometimes, exposure figures can directly be estimated by analysing samples of urine and 
faeces from people working in NORM industrial environments where activity concentrations 
to up to few thousands of Bq/g of NORM can be present such as in the mining, milling and 
processing of uranium and thorium bearing minerals sectors.134 
 
Throughout this project, it became clear that the two natural radioisotopes presenting a 
potential radiological risk from working exposure along the integrated steel-making route 
were 210Pb and 210Po and particularly in the iron ore sintering process B where levels of up to 
nearly 60 Bq/g of 210Po and 210Pb could be present in the form of fine dry dusts (see Table 
IV.7) and in a specific area of the waste oxide briquette (WOB) plant where a fraction of ESP 
dust collected at sinter plant A is transferred and mixed with other waste streams to prepare 
briquettes for reuse in the BOS process. 
 
A report on the radiological impact of NORM in the UK steel industry was published in 2003, 
where several occupational exposure scenarios were considered.43 Annual dose levels to 
workers of up to a few tens of microsieverts (µSv) were estimated but both UK sinter plants 
and the WOB plant were not included at the time in the investigation.  
 
Occupational monitoring surveys were therefore undertaken between July 2013 and June 
2015 using static and personal air monitoring devices in order to assess the potential internal 
dose by inhalation and ingestion from exposure to fugitive occupational dust enriched in 210Pb 
and 210Po. The annual internal effective doses were then calculated in line with standard 
methodologies.135,136 Information on the characteristics of the dusts and aerosols together with 
in-vitro solubility experiments were used to select the most appropriate dose coefficients, the 
aim being to reduce overly conservative assumptions, where possible, and evaluate the 
adequacy of published dose coefficients for the NORM sector as the applicability of default 
dose coefficients and biokinetic models provided by the ICRP for converting chronic uptake 
of industrial NORM into dose remains unverified. Indeed, the dose coefficients are based on 
biokinetic models derived from human and animal studies of metabolism using a few 
relatively simple chemical species of nuclides in combination with radiation transport 
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calculations that relate the inhomogeneous distribution of radionuclides in the body to the 
absorbed doses received in individual tissues and organs. Exposure scenarios that have not 
been previously studied are those of potential inhalation and ingestion of dust enhanced in 
210Pb and 210Po by workers at the sinter and WOB plants. Part of this work was published in 
the peer-reviewed Journal of Radiological Protection (see Appendix VIII). 
 
5.2 Radiation dose and health effect 
 
5.2.1 Concepts of absorbed, equivalent, effective and committed dose 
 
The most fundamental quantity is absorbed dose D and is the amount of energy absorbed per 
unit of mass of material, which is expressed as J.kg-1or Gray (Gy). Although this unit is a 
well-defined physical unit, it is not adequate for radiological protection purposes, as various 
types of ionising radiation differ in the effectiveness with which they induce biological 
damage.9 Particles such as electrons only induce a low density of ionisation along their tracks. 
In contrast, α particles induce a high density of ionisations and are therefore effective at 
inducing damage. In an industrial context, the main radiations of interest are generally 
photons (X-ray and γ), electrons (β) and α particles. A radiation weighing factor (wR) of 1 is 
used for γ and β radiations and a value of 20 for α radiation. If the average absorbed dose by a 
tissue or organ is multiplied by the appropriate radiation weighting factor, the equivalent dose 
HT to a tissue or an organ is shown in Equation A: 
 
HT = Σ wR DT, R                                                                                                       Eq. A 
 
The unit is also J.kg-1 but the term Sievert (Sv) is commonly used. In addition to distinguish 
between different types of radiation, it is important to recognise the radiosensitivity of a 
particular tissue or organ, defined by a tissue weighing factor (wT). The effective dose E in Sv 
is then defined in Equation B as: 
 
E = Σ wT HT = Σ wT Σ wR DT, R                                                  Eq. B 
 
When radionuclides are taken into the body, the dose is delivered over some period following 
the intake. This period is determined by the decay characteristics of the radionuclide of 
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interest and its retention in the body. To integrate this, the concept of committed dose was 
introduced to integrate over time. For adults, the period of integration is normally taken as 50 
years and 70 years for children. 
 
5.2.2 Exposure pathways and dose conversion  
 
Depending upon the working situation, one or many pathways may contribute to exposure and 
all these pathways are related to some degree. External radiation needs to be considered when 
working in an environment where high energy γ and β radiations are emitted. The internal 
radiation including inhalation, ingestion, skin contamination and wounds is more relevant 
when working with α emitters and low energy γ and β gamma emitters. 
 
Exposure by inhalation concerns workplaces where radioactive aerosols and/or gases are 
present. When radioactive aerosols are inhaled, parts of the respiratory system are irradiated 
both by radiations originating in the lungs and as a result of translocation of inhaled material 
to body tissue from the respiratory system. The conversion of intakes from ingestion and 
inhalation into dose can be undertaken using committed effective dose coefficients provided 
in ICRP Publication 119, which compiles the coefficients for use in occupational and public 
exposure situations, originally presented in ICRP Publications 68 and 72, 
respectively.137,138,139 The dose coefficients were calculated using the ICRP human respiratory 
model from Publication 66 (see Figure V.1) and the ICRP gastrointestinal tract model 
Publication 30.140,141 
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Figure V.1. The ICRP human respiratory tract model141 
 
 
After inhalation of radioactive aerosols, the dose received by various regions within the 
respiratory system will differ widely, depending on the size distribution of the inhaled 
material and the rate of absorption, following dissolution, of aerosols by body fluids.142 ICRP 
Publication 119 classifies different activity mean aerodynamic diameters (AMAD) and 
chemical compounds by their absorption rates into blood from the respiratory tract (type F for 
fast, M for medium and S for slow). The AMAD of airborne dusts is the equivalent 
aerodynamic diameter meaning 50% of the mass of the dust is associated with smaller 
particles. Two particles of different densities are said to have equivalent aerodynamic 
diameters if their densities and diameters are such that their terminal settling velocities are 
equal. 
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The dose associated with ingestion is determined by the degree to which different chemical 
compounds are absorbed from the gastro-intestinal tract. Following absorption, the biokinetics 
of retention depend on the chemical form in which the radioelement of interest was ingested 
and its decay characteristics, taking into account in-growth of its radioactive decay progeny. 
The default inhalation and ingestion effective dose coefficients einh and eing for 210Po and 210Pb 
in a working exposure context from ICRP Publication 119 are presented in Table V.1. 
 
Table V.1. Effective dose coefficients for intakes of 210Po and 210Pb137 
Nuclide t1/2 
einh (Sv.Bq-1) eing (Sv.Bq-1) 
Type f1 1 µm AMAD 5 µm AMAD f1  
210Po 138 days 
F 0.1 6.0E-07 7.1E-07 
0.1 2.4 E-07 
M 0.1 3.0E-06 2.2E-06 
210Pb 22.3 years F 0.2 8.9E-07 1.1E-06 0.2 6.8 E-07 
 
In many cases, where the inventory of radionuclides, their chemical forms and their physical 
properties are known and stable, a single conversion coefficient may be adequate and, in the 
absence of compound-specific information, it is generally recommended that default AMAD 
(5 µm in working environment) and absorption categories should be applied. In this project, 
the physical and chemical characteristics of occupational airborne dusts enhanced in 210Po and 
210Pb, as well as their fate in synthetic lung and gastro-intestinal fluids, were investigated to 
help select the most suitable dose coefficients and highlight the potential need to develop new 
coefficients. 
 
While skin contamination can result in direct (external) exposure of the skin it may 
subsequently result in intakes via any other intake pathways. Skin absorption can occur with 
chemical forms of radionuclides that can pass through the skin barrier. Direct incorporation of 
radionuclides in the body can occur as a result of contamination of cuts and other types of 
wounds which breaks the protective barrier formed by the skin. These pathways were 
assumed negligible based on the type of protective clothing worn on site and the physical 
nature of NORM present. 
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5.2.3 Health effects and risk 
 
Radiation damages cells, the basis of all organs and tissues in the body. The mechanism is 
either physical whereby important molecules in the cell are ionised directly or chemical 
whereby water molecules are split to form radicals which then attack the critical molecules. 
Radiation can kill the cell nucleus which contains DNA genetic code arranged on 
chromosomes. Damage to chromosomes can prevent cells dividing and can also lead to 
chromosomal rearrangements. The health effect from ionising radiation can be divided into 
two types: stochastic and deterministic effects. Stochastic effects include cancer induction, 
genetic disease and degenerative changes for which it is assumed that there is no threshold 
dose, and the most important target tissues for cancer induction and degenerative changes are 
the respiratory tract, bone, liver and the reticulo-endothelium system.37,143 They can occur at 
very low radiation doses and dose rates. Their severity does not change with dose, but the 
frequency with which they occur in an exposed population increases as the average dose to 
members of that specific population increases. The incidence of stochastic effects is usually 
evaluated using a linear non-threshold (LNT) hypothesis showing proportionality between 
effect and radiation dose received. Conversely, deterministic effects occurs at high radiation 
doses and dose rates and are characterised by a severity that increases with increasing dose 
and by a threshold below which the effect is not induced at a clinical level. They include the 
induction of cataracts in the lens of the eye, acute radiation sickness and burns, and at higher 
doses, fatality due to failure of the hematopoietic system. In practice, in the context of 
releases of radionuclides to the environment, and more specifically, in the context of working 
exposure to NORM, deterministic effects are very unlikely to be induced. 
 
In general, two approaches can be used to characterise the risk associated with exposure to 
radiation. First, epidemiological investigations of exposed populations can be used to 
demonstrate a direct correlation between an exposure and a cancer risk. Second, in the 
absence of epidemiological studies, animal and human experiments associated with 
sophisticated biokinetic models to represent the exposed tissues are used to estimate a 
potential correlation between the risk and the exposure. Epidemiological data directly related 
to industrial NORM activities are only available for a few natural radioisotopes such as 238U, 
222Rn and its progeny 218Po and 214Po. Although no convincing evidence of serious health risk 
was observed from the exposure to dusts containing natural uranium at relatively high 
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concentrations in underground mines, a link between exposure to 222Rn and its progeny and 
the risk of lung cancer was established.144,145 Little information is available on other natural 
radioelements in industrial NORM work environments. Consequently, the estimation of the 
health risk depends on the use of sophisticated biokinetic models and dose coefficients 
provided by the ICRP. As in all experimental animal studies, the extent to which the results 
can be extrapolated to humans and the confidence that can be placed on such extrapolation 
remain uncertain. Even when human and epidemiological data are available, the complex 
chemical and mineralogical forms of some natural radioisotopes found in the NORM sector 
are generally not represented. Concerning radium isotopes, the main sources of information of 
their health effects come from occupational exposure situations from the dial painters and 
radium chemists in the United States of America, medical exposure situations to 226Ra and 
228Ra and cases of repeated injection of radium-224 (224Ra) into patients for treatment of 
tuberculosis in childhood in Germany. From all these studies, induction of skeletal tumours 
and strong evidence of leukaemia at high dose were observed. For thorium isotopes, a dioxide 
form was widely used as a contrast medium in diagnostic radiology between 1930 and 1955. 
Injections were found to be incorporated into tissues of the reticulo-endothelial system, liver, 
bone marrow and lymph nodes and it was also observed that the radioactive daughter products 
of 232Th, 228Ra and 224Ra could escape into the bloodstream and concentrate in bones and the 
bone marrow.37 
 
Polonium-210 is one of the most toxic substances known because of its intense specific 
activity of 0.166 GBq/µg and is now classified as a Group 1 human carcinogen.146,147 It was 
extensively studied in animal testing and, from these experiments, it was discovered that 210Po 
had preferences for blood cells and soft tissues such as the spleen, the kidneys and the 
liver.148,149,150,151 Several studies also postulated its role in the genesis of lung cancer in 
smokers as it concentrates in tobacco.152,153,154 Additionally, tests in humans confirmed its 
metabolic behaviour observed in the animal experiments. Numerous epidemiological studies 
aimed at investigating its association with a potential increase of leukemia rates.155,156,157 
After the death of Litvinenko from 210Po poisoning in 2006, the radiotoxicity of acute 210Po 
intake was widely investigated.158,159 However there is not enough data to support any direct 
estimates of health risk in humans at present time. Nevertheless, the epidemiological studies 
undertaken on 222Rn could be used to estimate the cancer risk from 210Pb and 210Po intakes but 
would only apply to the risk of lung cancer. Lead-210 was not as widely studied as its 
radiotoxicity is less important, however its chemical toxicity was intensively investigated as 
 © Dal Molin 2018                                                                                                                                                                         173 
 
lead poisoning is still considered as one of the principal occupational health threat to 
industrial workers, particularly in the metals industries.160 ICRP has produced a risk factor of 
0.05 Sv-1 as a guideline in setting standards for protecting public health despite to the fact that 
the linearity hypothesis (LNT) between radiation and effect was never really demonstrated.49  
 
Moreover, long-term exposure to elevated airborne dust concentrations is known to harm 
respiratory functions and can lead to the development of chronic obstructive pulmonary 
disease, emphysema and bronchitis, especially following exposure to respirable dust which 
may reach the alveolar region of the lung. In the UK, dust of any kind, without considering its 
associated chemical or radioactive agents and assuming no respiratory protection, is 
considered to be hazardous to health when present at concentrations in air equal to or greater 
than 10 mg/m3 of total inhalable dust or 4 mg/m3 of respirable dust, both expressed as time-
weighted averages over an 8-hour period.161 Total inhalable dust corresponds to the fraction 
of airborne material which enters the nose and mouth during breathing which is therefore 
available for deposition in the respiratory tract and gastro-intestinal tract (particulate matter 
below 100 µm aerodynamic diameter, PM100). Respirable dust corresponds to the fraction 
which penetrates further into the gas exchange region of the lung (particulate matter below 10 
µm aerodynamic diameter, PM10).162 Work undertaken by the Institute of Occupational 
Medicine (IOM) has suggested that the current British limit values for respirable and 
inhalable dust are unsafe and consider that it would be prudent to reduce exposures as far 
below these limits as is reasonably practicable. It has been advised that until safe limits are 
put in place, employers should aim to keep exposure to respirable dust below 1 mg/m3 and 
inhalable dust below 5 mg/m3.163 
 
5.3 Description and methodology 
 
5.3.1 Areas of study 
 
The first step in designing the monitoring and dose assessment programme was to identify the 
main area(s) of the two UK integrated steelworks where exposure to dust could occur and 
lead to potential significant doses to operators. Based on prior knowledge of the activity 
concentrations found in ESP dusts generated in the iron ore sintering process and preliminary 
dust monitoring surveys, several sampling points were first selected alongside one chain 
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conveyor used to recirculate the ESP dusts back to the return fines bin at sinter plant B (noted 
1, 2, 3). A photograph and schematic representation of the area studied is presented in Figure 
V.2. Another sampling point (4) in sinter plant B was selected near where all the fine 
materials, mainly sinter and ESP dusts, drop in a container before being recycled in the 
process. Another location along one of the two ESP dust conveyors was selected at sinter 
plant A (5). The WOB plant was also investigated because the finest fraction of ESP dusts 
produced at the sinter plant A are recycled in this plant to prepare suitable briquettes to feed 
back in the BOS plant and this process produces large volumes of dust. Moreover, the 
blending operation generates a significant amount of dust in the workplace and air sampling 
devices were therefore deployed near the blending operation area (6). Finally, one 
environmental monitoring campaign was carried out near the stockpiles of BF dust and slurry 
materials in the vicinity of sinter plant B (7) to demonstrate that the radiological risk for 
workers handling this material and for any member of public living in the neighbourhood is 
minimal. A picture was taken near the sampling point and is presented in Figure V.3  
 
Figure V.2. ESP dust chain conveyor showing sampling locations at sinter plant B 
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Figure V.3. Photograph taken near sampling point 7 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.3.2 Air monitoring 
 
The British Standard (BS EN 481) conventions for sampling respirable and inhalable dust 
require a 50% cut-off point at 4 µm and 100 µm, respectively.162 The United Kingdom 
Atomic Energy Authority (UKAEA) 7-hole sampling head was used to collect total inhalable 
dust on a pre-weighed 25 mm diameter quartz filter (Whatman QMA 25 mm). It comprises a 
filter holder with a multi-orifice entry (7 holes) and requires a sampling pump operating at 
approximately 2 dm3/min to draw air through the filter.  
 
Plastic cyclones (SKC, USA) were also used in this study to collect respirable dusts on the 
same type of filter substrate, at a flow rate around 2.2 dm3/min.164 The cyclones operate under 
the principle described in Figure V.4.165 In all cases, a steady flow rate is required if the 
cyclone is to selectively size the sampled aerosol into the correct fraction (i.e. 50% cut at 4 
μm aerodynamic diameter). The UKAEA and SKC samplers were mainly used in positional 
mode. Nevertheless, the operators at the sinter plant B also agreed to wear both samplers to 
compare the standard conservative approach from static sampling with a more realistic 
approach taking into account the multiple areas accessed by workers during work shifts. 
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Figure V.4. Operation of a miniature SKC cyclone163 
 
 
Additionally, an electrical low pressure impactor (ELPI) sampler (Dekati, Finland) was also 
used to define the size distribution of fugitive particles in the same studied workplaces 
(alongside the ESP dust conveyor at sinter plant B and at the blending area of the studied 
WOB plant). The ELPI sampler is a low pressure impactor which allows the real-time 
measurement of particle size distribution and concentration. By electrically charging the 
particles, it is possible to count them as well as determine which of the thirteen electrically 
isolated stages they land upon. These electrically isolated stages each hold a 25 mm diameter 
polycarbonate substrate and collect particles between 30 nm and 10 µm aerodynamic 
diameter. The low pressure is generated by a pump that operates at a flow rate of 30 dm3/min. 
The air pressure within the impactor decreases as the orifices between each stage decrease, 
causing particles to lose momentum and impact on a stage. The largest orifices are located at 
the top of the impactor, with the smallest orifices at the bottom. The cut-off points for the 
thirteen stages are listed in Table V.2. 
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Table V.2. Dekati ELPI cut-off points 
ELPI stage Cut-off point (µm) 
1 0.0403 
2 0.073 
3 0.121 
4 0.204 
5 0.319 
6 0.489 
7 0.769 
8 1.241 
9 1.970 
10 3.116 
11 5.173 
12 8.165 
13 15.843 
 
In order to maximise dust collection for subsequent dissolution tests, occupational total 
suspended particulate and PM10 alongside the ESP conveyor at sinter plant B were collected 
using high volume air samplers, namely Graseby Andersen (USA) samplers and Digitel 
DHA-80 (Switzerland) respectively. The Graseby Andersen sampler was equipped with a 
PTFE filter (Whatman TE38 150 mm) and run at a flow rate of 120 dm3/min for 12 - 24 hour 
periods, after which the filter was removed and stored in dry conditions prior to dissolution 
testing. The Digitel DHA-80 was equipped with the same type of PTFE filter to collect PM10 
for nearly 24 hours at a flow rate approaching 500 dm3/min. The Digitel DHA-80 was also 
equipped with PTFE filters to collect PM10 for nearly 24 hours at a flow rate of 500 dm3/min 
and is shown in Figure V.5. 
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Figure V.5. Picture of the Digitel DHA-80 high volume sampler 
 
 
 
Representative bulk ESP dusts and other materials used to produce WOB briquettes were also 
sampled to confirm similarities with airborne materials collected onto occupational filters. 
 
5.3.3 Sample preparation and analytical techniques 
 
From each studied area, the total inhalable and respirable dust samples were prepared for 
alpha spectrometric analysis following the method detailed in Section 2.7.1. 
 
Briefly, each filter was spiked with a known amount of certified polonium-209 (209Po) tracer 
(NPL, UK) and digested in a CEM Mars 5 microwave system using 10 cm3 of a mixture of 
HCl (37%) and HNO3 (6%) at a 1:4 ratio. After removing the interferences, mainly iron and 
organic residues, and diluting the solutions to 100 cm3 with 0.5M HCl, 210Po and 209Po were 
deposited onto silver discs to allow counting using an ORTEC Octête Plus Alpha 
Spectrometer and Alpha Ensemble 8 system. The solutions from 210Po deposition were then 
kept for a minimum of three months to allow for 210Po in-growth from the decay of 210Pb, 
enabling the back-calculation of 210Pb in the sample.114,115 
 
The bulk representative samples of materials (ESP dusts, WOB mix) were also collected and 
prepared for alpha spectrometry following the same procedure. Additionally, their 210Pb 
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activity concentrations were directly determined by gamma spectrometry using the 
methodology described in Section 2.7.2.1. 
 
The polycarbonate filters collected by the ELPI sampler were also digested in a CEM Mars 5 
microwave system using 5 cm3 of a mixture of HCl (37%) and HNO3 (69%) at a 1:4 ratio for 
analysis by alpha spectrometry to investigate the distribution of 210Po across the respirable 
dust size range. After digestion, the solutions were first diluted to 30 cm3 using deionised 
water and a small aliquot was taken (1 cm3) from the final deposition solution and used to 
determine the distribution of stable lead by ICP-MS following the methodology described in 
Section 2.6.3. 
 
The morphology and chemical composition of selected total inhalable and respirable fractions 
collected from along the ESP conveyors at sinter plant B were assessed using a Philips XL30 
scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) following the 
method described in Section 4.2.8.3. 
 
A Gamble’s synthetic lung solution was prepared using 9 salts as detailed in Table V.3 and 
was used to assess the dissolution rate of respirable dusts collected by the high volume 
sampler Digitel DHA-80 in synthetic lung fluid.166 Approximately 200 mg of respirable dust 
was mixed with 50 cm3 of Gamble’s solution in a sealed tube graduated at 50 cm3.167 In order 
to simulate the dissolution rate of the total inhalable dust fraction in gastro-intestinal fluid, 
approximately 200 mg of total inhalable dust was mixed with 50 cm3 of HCl 0.1 M. All 
solutions were then set up in a Sky line ELM1 automated mixer using a 90o rotation 
programme at a rate of 5 rpm. Subsequently, 10 cm3 sample aliquots of filtered solution (0.45 
µm filter membrane) were collected at different times over a 6 month period for radiometric 
analysis. Each aliquot was directly diluted to 100 cm3 with 0.5 M HCl after filtration to 
perform the deposition of 210Po onto a silver disc. The solutions from 210Po deposition were 
kept for a minimum of three months to allow 210Po in-growth from the decay of 210Pb, as 
described previously. In order to define a reference for each rate of dissolution, approximately 
half a gram of each fraction of dust was separately digested and analysed by alpha 
spectrometry to determine their initial 210Po and 210Pb activities and take into account the 
decay rules as both radionuclides are not in secular equilibrium. The details of the calculation 
are presented in Appendix IX. 
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Table V.3. List of chemicals and their associated concentrations required to prepare Gamble’s 
synthetic lung solution166 
Chemicals Mass concentration (g/dm3) 
Magnesium chloride 0.095 
Sodium chloride 6.019 
Potassium chloride 0.298 
Disodium hydrogen phosphate (Na2HPO4) 0.126 
Sodium sulphate 0.063 
Sodium chloride dihydrate 0.368 
Sodium acetate 0.574 
Sodium hydrogen carbonate (NaHCO3) 2.604 
Sodium citrate dihydrate 0.097 
 
5.3.4 Determination of annual intake 
 
For both positional and personal monitoring, the annual intake (Bq) of a given radionuclide j 
(210Po and 210Pb in our case) via inhalation Ij,inh was determined using the sampling flow rate 
ῡf (dm3/min), the duration of air sampling t (min), the activity measured in respirable dusts 
collected on a filter ar,j (Bq), assuming no respiratory protection, an annual exposure Tw of 
2000 hours and a breathing rate ῡb of 1.2 m3.h-1 as shown in Equation C:  
 
Eq. C 
             
 
The annual intake of a given radionuclide j via ingestion Ij,ing was determined using a similar 
approach but using the activity measured in total inhalable dusts collected on a filter at,j (Bq) 
as shown in Equation D: 
 
            Eq. D 
 
Although the PM10 fraction of PM100 can be either inhaled or ingested, the calculation of 
intake via ingestion was performed with the complete PM100 fraction. The other fraction is 
deposited in the extra-thoracic region and is therefore transferred by muco-ciliary transport 
and swallowing. 
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5.3.5 Determination of annual committed effective doses from 210Po and 210Pb 
 
In general, the committed effective dose E (Sv) from intake of radionuclides is calculated 
from the following equation:135,136  
           
  
Eq. E 
 
 
where ej,ing and ej,inh are the committed effective doses per unit intake by ingestion and inhalation for 
radionuclide j; and Ij,ing and Ij,inh are the intakes via ingestion and inhalation of radionuclide j during the 
specified period. 
 
The intake figures via ingestion were overestimated by considering the PM100 fraction as a 
source for ingestion only. For that reason, for each sampling campaign and location, the mean 
intake via inhalation was first subtracted from its corresponding mean annual intake via 
ingestion prior to the conversion into ingested doses. The calculation of E is shown in 
equation F: 
 
Eq. F 
 
5.4 Results and discussion 
 
5.4.1 Occupational and environmental dust concentrations 
 
The PM100 and PM10 dust concentrations were determined by dividing the mass of aerosol 
collected on quartz filters by the corresponding sampling volume. The results for the different 
sampling locations at both sinter plants are presented in Tables V.4. Significant differences 
were observed between the different sampling campaigns and locations. For location 1 (see 
Figure V.2), the PM100 concentrations ranged from 4.60 to 29.98 mg/m3 in 2013 whereas 
maxima of 3.77 and 4.55 mg/m3 were recorded in 2014 and 2015, respectively. The PM100 
concentrations at location 2 were found to be relatively low at around 1 mg/m3 but 
concentrations up to 28.31 mg/m3 were observed at location 3. After the 2013 campaign, 
improved ventilation of the area was observed at location 1 allowing better control of the dust 
concentration in the area. In contrast, location 3 is more enclosed and PM100 concentrations 
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were similar to the high values observed at location 1 in 2013. Dust concentrations (PM10) at 
location 1 ranged from 1.09 to 3.58 mg/m3 in 2013, from 0.15 to 0.89 mg/m3 in 2014 and from 
0.07 to 0.21 mg/m3 in 2015. The respirable dust concentrations observed at location 2 were 
also very low, averaging around 0.1 mg/m3, whereas concentrations at location 3 were much 
higher with a peak recorded at 4.17 mg/m3. 
 
Table V.4. PM100 and PM10 concentrations at the different studied locations in sinter plants A and B 
Sinter plant Location Sampling date [PM100] (mg/m3) [PM10] (mg/m3) 
B 
1 
23/07/2013 
29.98 1.11 
20.49 1.09 
24/07/2013 
24.14 3.58 
4.60 not analysed 
23/06/2014 1.89 0.80 
24/06/2014 
1.96 0.15 
3.77 not analysed. 
08/06/2015 
1.55 0.09 
2.04 0.07 
09/06/2015 
1.88 0.13 
1.42 0.13 
10/06/2015 
3.22 0.21 
4.55 0.21 
2.64 0.21 
3.53 0.21 
2 
08/06/2015 
1.00 0.05 
1.07 0.19 
09/06/2015 
1.06 0.14 
1.14 0.13 
3 10/06/2015 
28.07 3.62 
28.31 4.17 
3.68 3.34 
10.84 3.07 
4 
23/07/2013 5.21 0.67 
24/07/2013 7.20 not analysed 
A 5 
17/11/2014 0.28 0.02 
18/11/2014 0.53 0.06 
19/11/2014 0.53 0.09 
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At location 4, near the return fines drop-out area of sinter plant B, the total inhalable dust 
concentration ranged from 5.2 to 7.2 mg/m3 and a single measurement of 0.7 mg/m3 was 
recorded for respirable dust. Based on the data obtained during the different sampling 
campaigns at sinter plant B, respiratory protective equipment would be recommended 
regardless of the radioactivity content in the dusts. In comparison with the sinter plant B, the 
PM100 and PM10 concentrations were very low at sinter plant A (location 5). Indeed, this area 
is at ground floor level and therefore is better ventilated that its equivalent area at sinter plant 
B (locations 1, 2, 3). The results from the single sampling campaign carried out at the WOB 
plant (location 6) are presented in Table V.5.  
 
Table V.5. PM100 and PM10 concentrations at the WOB plant 
Location Sampling date [PM100] (mg/m3) [PM10] (mg/m3) 
6 
15/12/2014 am 0.72 0.01 
15/12/2014 pm 5.61 0.29 
 
Significant differences were observed during that day. The PM100 concentration was found to 
be relatively low (less than 1 mg/m3) in the morning but reached 5.61 mg/m3 in the afternoon. 
The PM10 concentration was also very low in the morning (0.01 mg/m3) but higher in the 
afternoon, approaching 0.3 mg/m3. No major blending operations were undertaken in the 
morning and the weather conditions at the time of sampling were wet and damp. The blending 
operations only started to occur in the middle of the afternoon and in the evening. Ideally, this 
monitoring exercise should have been repeated during warmer and drier weather conditions 
when dust resuspension could increase. Unfortunately, this session could not be organised. 
Nevertheless, these results illustrate the effect of blending operations on the level of 
occupational dusts in this workplace compared to a background level. Additionally, historical 
and recent dust concentration records were also obtained (not shown in this report) and 
showed, in some occasions, that PM100 and PM10 concentrations could be above their 
respective legal limits of 10 mg/m3 and 4 mg/m3. For
 
those reasons, all operators working in 
this plant are required to wear respirable protective equipment (dust mask with minimum 
protection factor of 10) regardless of any additional health hazards such as radiation or lead. 
 
Finally, the results from the environmental monitoring campaign undertaken in dry weather 
condition near the stockpiles of blast furnace coarse dust and slurries near sinter plant B 
(location 7) are presented in Table V.6. The aim of this work was to reassure the regulators 
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and operators who are routinely handling and blending this material and demonstrate that the 
radiological risk associated with this work activity is negligible. The PM100 and PM10 
concentrations observed were found to be relatively low compared to occupational dust levels 
observed at the sinter plant B, averaging around 1.3 and 0.08 mg/m3 respectively. 
 
Table V.6. PM100 and PM10 concentrations recorded near the stockpiles of BF coarse dust and slurry at  
near sinter plant B 
Location Sampling date [PM100] (mg/m3) [PM10] (mg/m3) 
7 25/06/2014 
1.17 0.10 
1.44 0.07 
 
5.4.2 Activity concentrations in ambient and bulk materials 
 
The 210Po and 210Pb activity concentration ranges in PM100 and PM10 at both sinter plants are 
presented in Table V.7. The highest activity concentrations were recorded during the first 
sampling campaign at sinter plant B in 2013. Lower values obtained in subsequent campaigns 
reflect changes in the source material and/or operational differences in the sintering process 
together with improved control of dust in the workplace. The 210Po and 210Pb activity 
concentrations in PM100 and PM10 were expected to be lower as ESP dusts are mixed with 
sinter fines in this area which should dilute the activity concentrations in the dust. The 210Po 
and 210Pb activity concentrations in PM100 and PM10 collected at the sinter plant A (location 5) 
were found to be identical to the levels recorded in 2015 at location 1. 
 
Table V.7. 210Po and 210Pb activity concentration ranges in PM100 and PM10 
Location Year 
210Po activity concentration (Bq/g) 210Pb activity concentration (Bq/g) 
PM100 PM10 PM100 PM10 
1 
2013 11 - 29 23 - 50 6 - 15 14 - 25 
2014 1 - 5 1 - 21 1 - 4 1 - 11 
2015 1 - 2 1 - 4 <1 <3 
2 2015 1 - 2 2 - 9 <1 <10 
3 2015 1 - 2 1 - 2 1 <8 
4 2013 1 - 2 13 1 6 
5 2014 2 - 3 2 - 3 1 - 2 1 - 2 
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As can be seen in Table V.8, the 210Po and 210Pb activity concentrations in bulk samples of 
ESP dust collected during each monitoring campaign at the sinter plant B were variable, 
ranging from 2 to 74 Bq/g and from 1 to 58 Bq/g for 210Po and 210Pb, respectively. The 210Po 
and 210Pb activity concentrations in bulk samples of ESP dust were markedly lower in the 
2013 campaign than in the 2014 and 2015 campaigns, but the corresponding activity 
concentrations in PM100 and PM10 were greater in 2013 than in succeeding years. This is due 
to the fact that total inhalable and respirable dust exposures were much higher during the 
2013 campaign. These observations illustrated the need for more effective control of fugitive 
dust releases within the workplace; thus, measures were put in place to provide more effective 
control of fugitive dust following the first campaign. The high exposures recorded in the first 
campaign may be attributed largely to the high airborne dust concentration rather than the 
activity of the dust itself. However, it does not automatically follow that high airborne dust 
concentrations are associated with high exposures to NORM as is evident from the data at 
location 3 in 2015. 
 
This could be attributed to the presence of other dust sources in the vicinity that have low 
NORM activities such as iron ores and other raw materials used in the process. Typically, an 
operative would spend no more than one hour per 12-hour shift in this part of the plant. 
Consequently, the time-weighted average exposures to NORM and to PM100 and PM10 would 
be reduced.  
 
Table V.8. 210Po and 210Pb activity concentrations in bulk samples of ESP dust at sinter plant B 
Sampling campaign 
ESP dust activity concentration 
210Po (Bq/g) 210Pb (Bq/g) 
2013 
2 1 
2 1 
2014 
58 58 
45 33 
2015 
74 50 
44 3 
 
However, as can be seen in Table V.9, the 210Po and 210Pb activity concentrations observed in 
bulk samples of ESP dust collected at the sinter plant A were found to be similar to the 
activity concentrations observed in the corresponding occupational PM100 and PM10. This 
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suggested that occupational dust in this workplace was coming only from the ESP dust 
conveyors. 
 
Table V.9. 210Po and 210Pb activity concentrations in bulk samples of ESP dust at sinter plant A 
Sampling campaign 
ESP dust activity concentration 
210Po (Bq/g) 210Pb (Bq/g) 
2014 
3 1.7 
1.5 1 
 
The 210Po and 210Pb activity concentration ranges in PM100 and PM10 collected at the WOB 
plant in 2014  and the main components of the WOB briquettes are presented in Tables V.10 
and 11 respectively. Typically, a suitable mix for making briquette is composed of 
approximately 60% of BOS slurry, 10% of waste gas dusts including ESP dusts and 30% of 
black sand. A representative mix was also collected during the occupational monitoring trial.  
 
Table V.10. 210Po and 210Pb activity concentration ranges in PM100 and PM10 at the WOB plant 
Location Year 
210Po activity concentration (Bq/g) 210Pb activity concentration (Bq/g) 
PM100 PM10 PM100 PM10 
6 2014 0.5 - 0.8 0.2 - 0.9 0.1 - 0.4 0.1 - 0.4 
 
Table V.11. 210Po and 210Pb activity concentrations in materials entering the composition of WOB 
briquette 
Material 210Po activity concentration (Bq/g) 210Pb activity concentration (Bq/g) 
BOS slurry 0.2 - 0.9 (n=5) 0.1 - 1.1 (n=19) 
ESP dust  1.5 - 3 (n=2) 1 - 1.7 (n=2) 
Black sand <0.02b (n=1) <0.02b (n=1) 
WOB Mixa 0.3 - 0.9 0.2 - 0.9 
  a Assuming 60% BOS slurry, 10% ESP dust and 30% black sand 
  b LOD (see Appendix I) 
 
As can be seen from both tables, the 210Po and 210Pb activity concentrations observed in 
occupational PM100 and PM10 were in the same order of magnitude as the theoretical activity 
concentrations expected in the mix prepared in this process, suggesting that the only source of 
airborne material collected on the filters was from the blending operation.  
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5.4.3 Annual intake from positional monitoring  
 
The 210Po and 210Pb intakes via ingestion and inhalation and their associated monitoring 
parameters at sinter plant B are summarised in Tables V.12 and V.13, respectively. Owing to 
the variability of airborne dust and activity concentrations observed during the different 
sampling campaigns, the calculated annual intakes in PM100 vary widely, with 210Po and 210Pb 
ranging from <1 to 1,705 and from <1 to 882 Bq, respectively, and from <1 to 429 and from 
<1 to 218 Bq in PM10, respectively. The data show that there is a very large uncertainty 
associated with annual intake figures derived from short-term monitoring programmes, at 
least in this particular industrial environment, due to the high level of variability of the 
process. The 210Po and 210Pb intakes via ingestion and inhalation and their associated 
monitoring parameters at sinter plant A are summarised in Tables V.14 and 15, respectively. 
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Table V.12. Positional monitoring parameters and estimated annual intakes of 210Po and 210Pb via 
ingestion at sinter plant B 
Location Sampling date t (min) ῡf  (dm3/min) 
a210Po 
(Bq) 
a210Pb 
(Bq) 
210Po 
Iing 
(Bq) 
210Pb 
Iing 
(Bq) 
1 
23/07/2013 
335 2.04 0.415 0.205 1457 720 
870 2.01 0.749 0.385 1705 882 
24/07/2013 
565 2.07 0.831 0.430 1028 528 
966 2.08 0.099 0.052 118 62 
23/06/2014 688 1.97 0.001 0.001 2 2 
24/06/2014 
732 2.13 0.009 0.004 14 6 
693 2.05 0.110 0.058 186 98 
08/06/2015 
958 2.08 0.005
 
0.003
 
6 4 
959 2.03 0.006
 
0.003
 
7 4 
09/06/2015 
1244 2.01 0.008
 
0.003
 
7 3 
1244 2.03 0.003
 
0.002
 
3 2 
10/06/2015 
504 2.04 0.005
 
0.003
 
11 7 
504 2.10 0.004
 
0.003
 
10 7 
849 2.03 <0.001a
 
<0.001a
 
<1 <1 
849 2.05 0.008
 
0.005
 
11 7 
2 
08/06/2015 
959 2.02 0.005
 
0.002
 
6 2 
959 2.07 0.005
 
0.002
 
6 2 
09/06/2015 
1243 2.00 0.002
 
0.001
 
2 1 
1243 1.98 0.002
 
0.002
 
2 2 
3 10/06/2015 
492 2.06 0.055 0.034 131 81 
492 2.05 0.041 0.031 97 74 
859 2.11 0.008 0.004 10 5 
859 2.00 0.024 0.013 33 18 
4 
23/07/2013 336 2.05 0.003 0.002 10 7 
24/07/2013 490 2.09 0.011 0.006 26 14 
a LOD (see appendix I) 
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Table V.13. Positional monitoring parameters and estimated annual intakes of 210Po and 210Pb via 
inhalation at sinter plant B 
Location Sampling date t (min) ῡf  (dm3/min) 
a210Po 
(Bq) 
a210Pb 
(Bq) 
210Po 
Iinh 
(Bq) 
210Pb 
Iinh 
(Bq) 
1 
23/07/2013 
872 2.24 0.051 0.031 63 38 
869 2.26 0.085 0.043 104 53 
24/07/2013 565 2.24 0.226 0.115 429 218 
23/06/2014 689 2.17 0.004 0.003 6 5 
24/06/2014 732 2.20 <0.001a 0.001 <1 1 
08/06/2015 
959 2.15 0.001 <0.001a 1 <1 
959 2.16 0.001 <0.001a 1 <1 
09/06/2015 
1244 2.22 <0.001a <0.001a <1 <1 
1244 2.19 <0.001a <0.001a <1 <1 
10/06/2015 
504 2.28 <0.001a <0.001a <1 <1 
504 2.26 <0.001a <0.001a <1 <1 
849 2.23 0.001 <0.001a 1 <1 
860 2.22 0.001 0.001 1 1 
2 
08/06/2015 
957 2.19 0.001 0.001 1 1 
959 2.22 0.001 <0.001a 1 <1 
09/06/2015 
1243 2.20 0.001 0.001 1 1 
1243 2.20 0.001 <0.001a 1 <1 
3 10/06/2015 
492 2.27 0.004 0.002 9 4 
492 2.25 0.005 0.002 11 4 
859 2.25 0.005 0.005 7 6 
859 2.23 0.006 0.002 7 3 
4 24/06/2013 966 2.21 0.019 0.008 21 9 
a LOD (see appendix I) 
 
 
 
 
 
 
 
 
 © Dal Molin 2018                                                                                                                                                                         190 
 
Table V.14. Positional monitoring parameters and estimated annual intakes of 210Po and 210Pb via 
ingestion at sinter plant A 
Location Sampling date t (min) ῡf  (dm3/min) 
a210Po 
(Bq) 
a210Pb 
(Bq) 
210Po 
Iing 
(Bq) 
210Pb 
Iing 
(Bq) 
5 
17/11/2014 1159 2.02 0.002 <0.001a 2 1 
18/11/2014 1545 2.09 0.004 <0.001a 3 <1 
19/11/2014 1545 2.06 0.004 <0.001a 3 <1 
a LOD (see appendix I) 
 
Table V.15. Positional monitoring parameters and estimated annual intakes of 210Po and 210Pb via 
inhalation at sinter plant A 
Location Sampling date t (min) ῡf  (dm3/min) 
a210Po 
(Bq) 
a210Pb 
(Bq) 
210Po 
Iinh 
(Bq) 
210Pb 
Iinh 
(Bq) 
5 
17/11/2014 1138 2.24 <0.001a <0.001a <1 <1 
18/11/2014 1545 2.20 <0.001a <0.001a <1 <1 
19/11/2014 1545 2.21 <0.001a <0.001a <1 <1 
a LOD (see appendix I) 
 
The estimated 210Po and 210Pb intakes via ingestion and inhalation and their associated 
monitoring parameters at the WOB plant are compiled in Tables V.16 and V.17, respectively. 
Once again, owing to the important variability of airborne dust concentrations observed 
during the day of sampling in the studied area, the resulting annual intake figures were found 
to be different depending upon the part of the day for which airborne dusts were measured, 
with 210Po and 210Pb ranging from <1 to 61 and from <1 to 44 Bq in PM100, respectively. 
 
Table V.16. Positional monitoring parameters and estimated annual intakes of 210Po and 210Pb via 
ingestion at the WOB plant 
Location Sampling date t (min) ῡf  (dm3/min) 
a210Po 
(Bq) 
a210Pb 
(Bq) 
210Po 
Iing 
(Bq) 
210Pb 
Iing 
(Bq) 
6 
15/12/2014 (am) 203 1.99 <0.001a <0.001a <1 <1 
15/12/2014 (pm) 1045 2.04 0.009 0.007 61 44 
a LOD (see appendix I) 
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Table V.17. Positional monitoring parameters and estimated annual intakes of 210Po and 210Pb via 
inhalation at the WOB plant 
Location Sampling date t (min) ῡf  (dm3/min) 
a210Po 
(Bq) 
a210Pb 
(Bq) 
210Po 
Iinh 
(Bq) 
210Pb 
Iinh 
(Bq) 
6 
15/12/2014 (am) 203 2.20 <0.001a <0.001a <1 <1 
15/12/2014 (pm) 1045 2.24 0.005 0.002 2 1 
a LOD (see appendix I) 
 
The 210Po and 210Pb intakes via ingestion and inhalation and their associated monitoring 
parameters near the stockpiles of BF dust and slurry were also calculated using the same 
approach. However, the 210Pb and 210Po activity concentrations of the dust collected on the 
filters could not be determined as they were below their respective LODs. In order to 
calculate a “worst case” dose figure, it was assumed that the material found on the filters was 
similar to a dry BF4 slurry presenting activity concentrations for 210Pb and 210Po of 10 and 5 
Bq/g, respectively. It is evident that this approach is highly conservative as an important 
dilution should be applied to take into consideration to the presence of local winds, regular 
wet weather conditions and potential sources of contamination from dust from other parts of 
the steelworks. 
 
5.4.4 Annual intake from personal monitoring  
 
It is very unlikely that an operator would spend 2,000 hours per year in the locations studied. 
An individual would normally spend a maximum of 1 hour in the studied locations of the 
sinter plant per shift and the rest of the time in other areas where dust and activity 
concentrations are much lower, such as in the control room or outside in the surroundings of 
the plant. Personal monitors were used to continuously sample in the breathing zone of the 
operators and derive a more realistic approach for estimating their annual intake of 210Po and 
210Pb. In 2013, two operators of sinter plant B (denoted a and b) wore both total inhalable and 
respirable dust samplers over a work shift of 12 hours. The same samples were employed 
without changing the filters by three different operators (denoted c, d and e) over longer 
periods of time in 2014 to increase sample mass on the filters and to allow more accurate 
radioactivity measurements by alpha spectrometry. A similar exercise was undertaken with 
one operator of the sinter plant A (denoted f). The annual intakes were then determined pro 
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rata for an annual exposure of 2,000 hours. As can be seen in Table V.18, the annual intakes 
were found to be around 1 Bq for each radionuclide. The results from personal monitoring 
confirmed that the annual figures from positional monitoring in 2013 at location 1 could not 
be directly correlated to a realistic dose evaluation.
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 Table V.18. Personal monitoring parameters and annual intakes of 210Po and 210Pb via ingestion and inhalation at both UK sinter plants 
Individual Airborne fraction Shift date Day/Night t (min) ῡf  (dm3/min) a210Po (Bq) a210Pb (Bq) 210Po I (Bq) 210Pb I (Bq) 
A 
PM100 
24/07/2013 
day 
642 2.02 0.002 0.002 <1 <1 
PM10 628 2.24 0.001 0.001 <1 <1 
B 
PM100 
night 
840 2.02 0.009 0.006 1 1 
PM10 865 2.23 <0.001 <0.001 <1 <1 
C 
PM100 
23/06/2014 night 
938 1.98 0.005 0.002 <1 <1 
PM10 835 2.21 0.005 0.002 <1 <1 
D 
PM100 
24/06/2014 
day 
1332 2.06 0.023 0.010 2 1 
PM10 1150 2.22 0.005 0.002 <1 <1 
E 
PM100 
day 
1323 2.04 0.037 0.018 3 2 
PM10 1105 2.21 0.006 0.004 <1 <1 
F 
PM100 
20/11/2014 day 
414 2.01 0.005 0.003 <1 <1 
PM10 414 2.11 0.004 0.003 <1 <1 
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5.4.5 Particle size distribution  
 
During the first monitoring campaign carried out in 2013 at sinter plant B, the ELPI sampler 
collected over 22 hours separated PM10 from a total volume of 40 m3 (30 dm3/min flow rate). 
Each fraction was analysed by alpha spectrometry to correlate the size distribution of the dust 
with its 210Po content. As shown in Figure V.6, the profiles observed were very similar, 
suggesting that 210Po was equally distributed across the different size fractions. 
 
Figure V.6. Distribution profiles of occupational PM10 and 210Po concentrations from the 2013 
monitoring survey at sinter plant B 
 
 
Particle sizes between 0.1 and 1 μm were found to be dominant during the second monitoring 
campaign undertaken in 2014 (Figure V.7). There is no specific dose coefficient for this range 
of particle size in ICRP Publication 119.137 The dose coefficient for 1 μm AMAD was 
therefore chosen to estimate the associated inhalation dose. The dose coefficient for 5 μm 
AMAD was used to calculate the dose from the first monitoring survey measurements as well 
as for the dose from the monitoring campaign at the WOB plant (see Figure V.8) as suggested 
in ICRP Publication 66.140 The size distribution of the dust was not assessed during the 2015 
monitoring surveys at sinter plant B due to a problem with the equipment. The dose 
coefficient for 1 μm AMAD was chosen by default to reduce the risk of underestimating the 
doses at sinter plant B. 
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Figure V.7. Particle size distribution profiles of PM10 from 2014 monitoring survey at sinter plant B 
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Figure V.8. Particle size distribution profiles of PM10 from 2014 monitoring survey at the WOB plant 
 
 
 
 
 
 
 
 
 
 
 
5.4.6 Particle shape analysis  
 
Particle shape analysis was conducted on PM100 and PM10 fractions collected during the 2014 
monitoring campaign; the results are presented in Figure V.9. Since the particles were 
compressed during impact on the filter, it was difficult to differentiate each individual particle 
from the aggregate particle mass. The presence of organic matter also affected the analysis of 
particle morphology. However, single particles could be observed at the edges of the filters, 
and thus images of these edge particles were used for particle shape analysis. In general, both 
size fractions appeared as spheroids or as rough spherical fragments. However, many irregular 
shapes could also be observed, but there were no fibre-like particles except the quartz fibres 
from the filter substrates. In ICRP Publication 66, a reference dynamic shape factor of 1.5 is 
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suggested for occupational radioactive aerosols. In a study carried out in 1987 by Johnson et 
al. some dynamic shape factors were calculated for several non-spherical particles and ranged 
from 1 (for spherical particles) to values of 1.09 to 1.23 for cylindrical particles having axial 
ratios of 2 to 5, respectively.168 The axial ratios of most particles observed in this study did 
not exceed a value of 2. Consequently, a shape factor of 1 was assumed for the calculation of 
the inhalation dose. 
 
Figure V.9. Images of occupational PM100 (A) and PM10 (B) airborne dusts 
 
 
 
 
 
 
 
 
 
5.4.7 Solubility of 210Po and 210Pb in biological fluids  
 
In order to predict the solubility rate in body fluids, the chemical forms of 210Po and 210Pb in 
the PM100 and PM10 were first investigated by EDS using natural lead as tracer. Unfortunately 
the presence of lead could not be confirmed in the analysis as it was present at trace 
concentrations. Solubility tests using synthetic body fluids were then carried out to simulate in 
vitro the fate of occupational PM100 and PM10 in gastro-intestinal (0.1 M HCl) and lung fluids, 
respectively and to assess the suitability of using default dose coefficients provided by ICRP 
for this specific industrial activity. 
 
As can be seen in Figure V.10, the dissolution of 210Po in a total (all size fractions) dust 
sample in 0.1 M HCl increases slowly to around 10% after six months at an average rate 
approaching 0.05% per day. This suggests that very little 210Po becomes available in the short-
term, so that an f1 value of 0.1 is cautious. In contrast, more than 30% of 210Pb dissolves over 
the first three weeks (1.53% per day on average) and, although the rate slows to 0.30% per 
day, it reaches more than 80% dissolution over six months (Figure V.11). A plausible 
explanation could be the existence of different forms of lead, possibly lead oxide and lead 
B A B 
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chloride, which dissolve at different rates. Based on the dissolution rate observed in the first 
few days, it seems that an f1 value of 0.2 for 210Pb is reasonable. 
 
Figure V.10. Dissolution rate of 210Po in occupational PM100 in 0.1 M HCl 
 
 
 
Figure V.11. Dissolution rates of 210Pb in occupational PM100 in 0.1 M HCl 
 
 
 
Dissolution tests were also performed on occupational PM10 in a synthetic Gamble’s lung 
fluid to verify the suitability of the default moderate solubility level for 210Po and fast 
solubility level for 210Pb from ICRP 119.137 As can be seen in Figure V.12, the dissolution of 
210Po in a respirable dust sample increases slowly to around 1.3% after six months at an 
average rate of 0.0072% per day. This is a slow dissolution rate corresponding to a Type S 
material. The results from 210Po in-growth in all aliquots were found to be below the limit of 
slope = 1.533% / day 
slope = 0.299% / day 
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detection of the alpha spectrometry method, also suggesting slow dissolution of 210Pb in lung 
fluid. Thus, the use of the standard inhalation types for both 210Pb and 210Po and default dose 
coefficients presented in Table V.1 would underestimate the effective doses received in this 
specific exposure context. In a public exposure context, ICRP Publication 119 provides 
committed effective dose coefficients for Type S material of 5.6E-6 Sv.Bq-1 for 210Pb and 
4.3E-6 Sv.Bq-1 for 210Po, which were used to calculate the dose figures for locations 1, 2, 3, 4 
and 5.  
 
Figure V.12. Dissolution rate of 210Po in occupational PM10 in Gamble's solution 
 
 
 
5.4.8 Annual committed effective dose figures 
 
The annual committed effective dose figures for each positional monitoring campaign are 
summarised in Table V.19. The dose figures were determined using the most appropriate dose 
coefficients from ICRP Publication 119 following our investigation on the nature and 
retention of occupational PM100 and PM10 in synthetic body fluids. As the dissolution rates of 
occupational PM10 and PM100 present at the WOB plant in synthetic body fluids were not 
determined, the standard inhalation types and dose coefficients were used. The dose figures 
from each personal monitoring campaign are presented separately in Table V.20. 
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Table V.19. Annual effective dose figures from positional monitoring campaigns 
Monitoring campaign 
Annual committed effective dose E (µSv) 
Ingestion Inhalation 
Total 
210Po 210Pb 210Po 210Pb 
Location 1 (2013) 211 303 853 576 1,943 
Location 1 (2014) 15 20 27 29 91 
Location 1 (2015) 2 3 3 <1 8-9 
Location 2 (2015) 1 1 3 3 8 
Location 3 (2015) 15 18 37 107 177 
Location 4 (2013) 1 3 92 50 146 
Location 5 (2014) <1 <1 1 <1 <4 
Location 6 (2014) 8 16 <1 <1 24-26 
Location 7 (2014)a <1 20 2 2 24-25 
  a Conservative approach 
 
Table V.20. Annual effective dose figures from personal monitoring campaigns 
 
 
 
 
 
 
 
 
 
The annual committed effective dose figures from positional monitoring were found to range 
from 8 to 1,943 µSv. The latter would be a significant dose; however, the high variability of 
dust and activity concentrations observed in the different work areas studied led to 
inconsistent dose figures. The annual committed effective dose figures from personal 
monitoring were estimated to be on the order of 1 - 6 µSv, which confirmed that the dose 
figure obtained from positional monitoring in 2013 in location 1 was not realistic; the actual 
radiological risk from exposure to NORM in an iron ore sintering plant, based upon personal 
monitoring, remained very low. Variations were also observed between the different sampling 
locations in 2015 confirming that a static monitoring programme was not well suited for 
estimating chronic exposure to low levels of NORM in a large industrial environment. 
 
Monitoring 
campaign 
Annual committed effective dose E (µSv) 
Sinter Ingestion Inhalation 
Total 
 
210Po 210Pb 210Po 210Pb 
B 
2013 <1 <1 <1 <1 <4 
2014 2 2 <1 <1 4-6 
A 2014 <1 <1 <1 <1 <4 
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5.5 Key findings 
 
 
Several monitoring campaigns were undertaken at the two UK sinter plants and a separate 
waste oxide briquetting plant reusing some of the waste gas dusts generated during the iron 
sintering process. The level of exposure at the two UK blast furnace gas cleaning plants was 
not investigated as a previous study carried out in 2003 covered this workplace and showed 
low dose levels in the order of few tens of µSv. 
 
The aim of these monitoring campaigns was to assess the potential radiation doses from 
intake via ingestion and inhalation of occupational dusts containing elevated concentrations of 
210Po and 210Pb. The doses were calculated based on a highly cautious approach and were 
found to range from less than 1 to 1,943 µSv, mainly due to the high variability of the 
radioactivity concentrations of raw materials entering the process, the abatement efficiency of 
the electrostatic precipitators used to clean the waste gas streams at the sinter plants, the 
effectiveness of ventilation controls in the workplaces studied and the nature of the resulting 
off-gas dusts. The disparity between PM100, PM10 and 210Pb/210Po activity concentrations 
observed over the different monitoring campaigns and sampling locations confirmed that use 
of positional short-term monitoring surveys to extrapolate intake over a year was not 
appropriate; personal air sampling is more appropriate to estimate the dose in those situations. 
However, although personal air samplers have the advantage of collecting air close to a 
worker’s breathing zone, they are not always practicable and usually collect insufficient 
quantities of material for radiochemical analysis; this is a constraint when dealing with low 
specific activity materials. 
 
The main uncertainty for estimating internal doses in NORM impacted industrial 
environments is related to the determination of intake. However, another important source of 
uncertainty arises from the use of biokinetic and dosimetric models. The physical and 
chemical nature of the occupational PM100 and PM10 collected at one of the two UK sinter 
plants and the retention characteristics of 210Po and 210Pb in the body were originally 
evaluated to select the most suitable default coefficients for converting intakes into dose. The 
results from in vitro dissolution tests of PM100 using synthetic gastro-intestinal fluid 
confirmed the suitability of the f1 values associated with the default ingestion dose 
coefficients for both 210Po and 210Pb. The results from in vitro dissolution tests of PM10 using 
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a synthetic lung fluid and from the analysis of their size distribution in the workplace revealed 
an important risk of underestimating doses by inhalation from using the default inhalation 
dose coefficients for both 210Po and 210Pb in a working exposure context. 
 
Thousands of workers are chronically exposed to industrial NORM around the world in a 
wide range of activities involving the presence of relatively dry, solid particulate materials 
which can potentially lead to more significant doses. In the majority of cases, radium isotopes 
(226Ra and 228Ra) are of principal concern rather than 210Po and 210Pb. It is known that chronic 
exposure to low doses of ionising radiation increases the risk of death from solid cancers. 
There is therefore, an urgent need to develop new ingestion and inhalation dose coefficients 
for natural radioisotopes to improve the estimation of health risks from exposure to industrial 
NORM. 
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Chapter VI. Future work 
 
One important constraint facing the steel industry as well as other industries challenged by the 
presence of NORM is that there are very few CRMs available on the market presenting a 
similar texture and chemical composition to the materials of primary concern; the exception 
being the CRM-434 phosphogypsum developed by the IAEA. CRMs are necessary and 
valuable tools in both research and routine chemical analysis for environmental management 
and in monitoring and surveillance programmes. Additionally, the availability of suitable 
CRMs enhances the effectiveness of intra- and inter-laboratory quality control programmes, 
which are often required by external assessors during quality audits (e.g. ISO 17025).169 The 
three RMs developed throughout this project for the measurement of 210Po and 210Pb in iron- 
and steel-making materials are similar to CRMs except they were less characterised. The use 
of naturally contaminated materials for the development of CRMs requires considerable 
research before preparing them for analysis, such as studying their stability and homogeneity 
for example. The round robin exercise undertaken in this project constituted one part of the 
certification programme and only compared a reference measure against other participants. 
However it did not give a measure of accuracy and precision of the methodologies described 
in this project. Further studies would therefore be necessary to confirm the suitability of these 
RMs as CRMs and this work would be highly beneficial for the steel industry worldwide, 
especially with the introduction of stricter national and international regulations imposing 
lower activity concentration limits for the disposal of NORM in the environment. A project 
aiming to develop certified industrial NORM was recently proposed by the University of 
Surrey and a future participation in this project would be an opportunity to resolve this issue. 
 
Regarding the measurement of 210Pb, it would not be realistic for testing laboratories to 
generate attenuation coefficients for every conceivable matrix. The establishment of a set of 
generic CRMs, representative of the main NORM matrices; iron-based in our case, alongside 
barite, rutile, silicate and lead-based for other NORM industries; with associated derived 
attenuation factors could, for example, be used to validate each stage of the analytical process 
in another controlled inter-laboratory comparison exercise. Such an exercise would greatly 
increase confidence in the reliability of 210Pb analyses performed on industrial NORM by 
gamma spectrometry and consequent risk assessments. Additionally, 210Pb could be 
determined by beta spectrometry via 210Bi in-growth to reinforce the initial work developed 
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by alpha and gamma spectrometry. This approach was actually explored in another study 
aiming to estimate the impact of a sinter plant stack from an Italian integrated steelworks on 
the environment and members of the public.170 
 
Another regulatory challenge linked with the production of NORM is related to specific 
requirements for the use and recycling of industrial NORM in building materials, particularly 
within the European Union following the implementation of the BSS Directive 2013/59 
Euratom and the Construction Products Regulation (CPR).171 Due to increasing indoor 
occupation exposure caused by building materials naturally became of increasing importance 
in the last two decades. Natural radioactivity is present in all building materials of geological 
origin. However, some building materials may be composed of industrial by-products or 
residues known to contain enhanced levels of natural isotopes, such as red mud, ashes or iron 
and steel slag materials, which might present a higher radiological risk.172 Granulated blast 
furnace slag is used worldwide to make durable concrete structures in combination with 
ordinary cement. Its two major uses are in the production of quality-improved slag cement, 
namely Portland blast furnace cement (PBFC) and high slag blast furnace cement (HSBFC), 
with content ranging typically from 30 to 70%; and in the production of ready-mixed or site-
batched durable concrete. Slag materials produced from the BOS and the EAF processes are 
usually blended with other materials to form pavement material or asphalt aggregate.173 
 
Radiation exposure from building materials can be divided into external and internal 
exposure. The external exposure is mainly caused by direct gamma radiation from the 
presence of 238U and 232Th progeny, as well as from the primordial radionuclide 40K. As more 
than one radionuclide could contribute to the external dose, it was practical for the regulators 
to present an investigation level in the form of an activity concentration index.47 This index, 
also called gamma index Iγ was proposed by the European Commission (EC) to identify 
potential building materials that may lead to an additional significant public indoor exposure 
to gamma radiation taking into account the ways and quantities in which materials are used in 
building. It is calculated using the following equation (Equation A): 
 
Iγ = C226Ra / 300 + C232Th / 200 + C40K / 3000                                     Eq. A 
 
with C226Ra , C232Th and C40K being the activity concentrations of 226Ra, 232Th and 40K in Bq/kg 
respectively 
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The EC introduced a two dose criteria for the gamma dose of building materials: an 
exemption criterion of 0.3 mSv/y and an upper limit of 1 mSv/y. Most of the countries apply 
their control on the upper limit. If the exemption level of 0.3 mSv/y is considered, then the 
values of Iγ should be below 0.5 for materials used in bulk. However, if the upper level of 1 
mSv/y is considered, then the values of Iγ should be below 1. For superficial building 
materials with restricted use (i.e., tiles and board), Iγ should be below 2 and 6, supposing 
control values of 0.3 and 1 mSv/y, respectively. As part of the declaration of performance 
required in CPR, those materials would also have to be specifically marked and classified and 
this information will have to be made available to consumers. 
 
Internal exposure is mainly caused by the inhalation of 222Rn, thoron (220Rn) and their decay 
products. As radon is an inert gas, it can move freely through porous media such as building 
materials, although usually only a fraction of that produced in the material reaches the surface 
and enters the indoor air. Typical excess indoor radon concentrations due to building 
materials are estimated to be about 10 - 20 Bq/m3, but in some zones and in rare cases it may 
rise to greater than 1000 Bq/m3. Building materials are also the most important source of 
indoor thoron, though thoron emanation is usually low from conventional building materials 
owing to its very short half-life.  
 
The excess alpha radiation due to radon inhalation originating from building materials can be 
estimated through an alpha index (Iα), which is defined as follows (Equation B):174 
 
Iα = C226Ra / 200                                                               Eq. B 
 
with C226Ra is the activity concentrations of 226Ra 
 
The recommended maximum concentration of 226Ra is 200 Bq/kg, which gives Iα = 1. When 
the 226Ra activity concentration of any building material exceeds this maximum value, it is 
possible that radon exhalation from such material could cause the indoor radon concentration 
to exceed 200 Bq/kg. 
 
There is therefore a need for the steel industry to define the typical radiological indexes for 
blast furnace, BOS and EAF slag materials and to confirm those materials do not pose a 
significant risk of internal and external exposure to radiation when reused or recycled in 
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building materials. The level of 226Ra in blast furnace slag materials was investigated but the 
levels of 232Th and 40K remain unknown. Moreover, the gamma spectrometric route used in 
this project could not be fully validated due to the absence of suitable CRMs and because the 
alternative alpha spectrometric route did not lead to conclusive results. It is therefore 
suggested to (i) use the same approach for 226Ra but also include 232Th using its decay product 
actinium-228 (228Ac) and lead-212 (212Pb) and 40K using its energy line at 1.46 MeV, (ii) 
develop a reference iron or steel slag material for the analysis of 226Ra, 232Th and 40K, (iii) 
organise a round robin exercise with external laboratories and (iv) investigate alternative 
radioanalytical routes for each radionuclide of interest to reinforce the validity of the method 
and demonstrate the suitability of this new reference material in future applications, (v) apply 
the validated method to unknown blast furnace, BOS and EAF slag materials and calculate 
their respective activity concentration indexes. 
 
Although the measurement of 226Ra via its two decay products (214Bi and 214Pb) that was 
tested during this project is a very interesting and cost-effective approach, the associated 21-
day in-growth required to ensure secular equilibrium between the three radioisotopes may not 
be appropriate in some situations where a fast turnaround is required (i.e. characterisation for 
sale/disposal, investigation of over-exposure). Radium-226 could be directly measured by 
gamma spectrometry using its 186.1 keV photon (emission probability of 3.6%). However, 
the presence of 235U could potentially interfere the analysis and bias the final result. Indeed 
235U also emits a photon very close in energy (185.7 keV in 57.2% of its decays) and both 
energies cannot be separated even by using a modern high resolution gamma spectrometer. 
The natural uranium ratio of 238U to 235U (99.27% to 0.72%, by weight) could be assumed. 
However, as 238U seemed to concentrate slightly in the blast furnace slag materials studied in 
this project (see Chapter IV), it would be judicious to verify this ratio before using this 
assumption. The ratio of 238U to 235U can be determined using a high resolution ICP-MS 
system. If the natural ratio of 238U to 235U is confirmed to be unchanged, the determination of 
226Ra could be directly determined by gamma spectrometry and the results compared with the 
initial method using 214Bi and 214Pb. Recently, a novel method was developed for measuring 
226Ra in groundwater and discharge water samples using a new generation triple quadrupole 
inductively coupled plasma mass spectrometry (ICP-QQQ-MS).175 This technique could also 
be investigated for iron and steel slag materials as well as measuring directly the emanation of 
222Rn gas.176 
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The measurement of 232Th via its decay products (212Pb and 228Ac) by gamma spectrometry 
also requires a lengthy period to ensure secular equilibrium (circa. 40 days). Thorium-232 can 
also be measured by ICP-MS or alpha spectrometry and at least one of those two techniques 
could be explored.177 Owing to the fixed ratio between 40K and stable potassium isotopes (39K 
and 41K) found in nature, the chemical analysis of 39K, representing the highest natural 
abundance (93.3%), by ICP would enable the conversion to an activity of 40K using a 
conversion factor of 27.6 Bq per gram of potassium and help in confirming the results 
obtained by gamma spectrometry.178 
 
During this project, some gaps were observed in mass balance studies for both iron ore 
sintering and blast furnace processes, suggesting the presence of important losses in the two 
processes or compartmental systems. The fugitive emissions from the main waste gas streams 
appeared to be an important source of these losses at the sinter plants and triggered the need 
to assess the potential radiological risk in chronic exposure situations. However, the losses 
observed at the blast furnaces could not be fully identified. The results from a recent study 
conducted on the blast furnace effluent clarifier in plant A which collects waste water from 
the filter presses used to dewater slurry materials rich in zinc, lead and natural radioactivity, 
showed dust concentration levels ranging from 18 to 50 g/dm3 at a rate of 3,500 m3/day. This 
constitutes a non-negligible and uncharacterised loss in the defined system. The analysis of 
this material throughout a defined period would help estimating the annual release of 
radioactivity from the waste water effluents in addition to solid materials collected by the 
filter presses. Moreover, hydrocycloning might be implemented in the future to treat the 
slurries generated from one blast furnace in operation in plant B. Consequently, the effect on 
radioactivity would need to be studied in order to revise the relevant mass balance model 
created in this project and review the contribution to the total radioactivity from recycling this 
material in the iron ore sintering process. 
 
In the last five years, several internal research projects were undertaken at the two UK sinter 
plants to develop engineering solutions for reducing sinter plant stack emission of particulates 
and organic species, such as dioxins. An alternative cost-effective abatement solution was 
investigated and consisted of injecting activated lignite in order to react with organic species 
and help with their capture by the ESP. This approach has proved successful and 
demonstrated that the installation of bag filters, which would require high capital investment 
and high running costs (e.g. energy, waste, disposal and maintenance) is not necessary. 
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Control measures were also tested to reduce the content of chlorides in blast furnace revert 
materials, directly linked with the formation of dioxins. These treatment solutions will be 
implemented on a permanent basis in the coming years. It would therefore be interesting to 
revise the emission prediction model developed in this project accordingly. In 2014, filters 
were implemented at the sole remaining sinter plant in the Netherlands, which led to a 
significant reduction of stack emission of dust, dioxins and natural radioactivity. The residues 
collected by the filters are expected to be highly concentrated in natural radioactivity but the 
levels could not be confirmed in this project. Currently, the filters are disposed of with no 
specific requirement regarding NORM as the current Dutch notification level is 100 Bq/g. 
The disposal of filters could therefore become an issue with the implementation of the
 
new 
EU BSS Directive 2013/59 Euratom, imposing 1 Bq/g as notification level. It would therefore 
be judicious to determine the 210Po and 210Pb activity concentrations in this material in order 
to decide its best disposal option in the coming years. 
 
Moreover, some important maintenance operations were recently made at the two UK sinter 
plants to limit air leakages inside the ESPs and prevent glow fires when activated lignite will 
be injected. The ESP efficiency was recently re-assessed at one of the two UK sinter plants 
and showed an abatement efficiency of approximately 90% for the two main waste gas 
streams. Currently, the ESP efficiency is considered as a constant in the current emission 
prediction model. The continuous monitoring of the inlet and outlet of the ESPs as well as the 
particulates emitted at the stack would be a useful information to further understand the 
emission variability against bed composition variability and refine the equations used to 
predict 210Po and 210Pb stack emissions. This parameter remains the main contributor of the 
total uncertainty associated with the modelling of 210Po and 210Pb stack emissions from the 
two UK iron ore sintering processes. 
 
Another important source of uncertainty comes from the presence of different chemical forms 
of 210Po and 210Pb being present in the input materials and waste gas dusts used in the iron ore 
sintering process and presenting different degrees of volatility and resistivity affecting the 
ESP abatement efficiency. This information is currently not integrated in the prediction 
models and therefore each input material is currently assumed to contribute equally to the 
stack emission irrespectively to the nature of 210Po and 210Pb it contains. The chemical forms 
of 210Po and 210Pb present in the input materials and waste gas dusts used in the iron ore 
sintering process remain unknown and this information would be highly beneficial for 
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refining the current prediction models. The element lead was confirmed to be suitable as a 
tracer and was used to investigate the chemical forms of 210Po and 210Pb by SEM-EDS. Due to 
the detection limits of the SEM-EDS technique, the results were not conclusive. Indeed, 
SEM-EDS can provide accurate data for major elements above 0.1% in mass concentration 
but not for trace amounts as present in most of the materials entering the iron ore sintering 
process. SEM with wavelength dispersive spectrometry (SEM-WDS) and proton induced X-
ray emission (PIXE) could be used as alternative techniques as both presenting lower 
detection limits of 0.01% and 0.001% in mass concentration, respectively. Although they are 
time-consuming techniques, it would be valuable to test these methods in the future.179 
Finally, it would be interesting to review the initial stack dispersion model used in the local 
environmental impact assessment study carried out in 2008 using laboratory wind tunnels 
available at the University of Surrey. 
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Appendixes 
 
Appendix I. Limit of detection 
 
In analytical chemistry, the limit of detection (LOD) of a method, is the lowest quantity of a 
substance that can be distinguished from the absence of that substance within a stated 
confidence limit. 
 
In more details, the LOD of the method developed for measuring 210Po by alpha spectrometry 
was determined by performing 7 replicate measurements of an experimental blank composed 
of ultrapure iron oxide spiked with a known amount of 209Po. The standard deviation σ 
calculated from the net count rates observed from the seven blank samples was first 
multiplied by 3 to set up a confidence limit of 1%. This value was reassessed at least once a 
year throughout this project (see Table A) and was used to determine the LOD in Bq/g for 
each sample following equation 1:  
 
LOD 210Po = (A209Po * 3σCR210Po) / (CR209Po * m)                                       Eq. 1 
 
where LOD 210Po is the activity concentration in Bq/g or Bq/kg, 3σCR210Po is the standard deviation 
observed from the seven blank count rates multiplied by 3, A209Po and CR209Po are the known 
theoretical 209Po activity and count rate, respectively and m is the mass of material analysed in g or kg. 
 
Table A. Net blank 210Po count rates 
Blank net count 
rates (cpm) Dec-12 Jan-14 Oct-14 Aug-15 Jan-16 Apr-17 
1 0.0021 0.0028 0.0052 0.0018 0.0007 0.0040 
2 0.0028 0.0021 0.0025 0.0026 0.0006 0.0026 
3 0.0017 0.0013 0.0025 0.0025 0.0033 0.0033 
4 0.0027 0.0022 0.0015 0.0006 0.0018 0.0031 
5 0.0021 0.0011 0.0033 0.0018 0.0010 0.0023 
6 0.0024 0.0021 0.0014 0.0019 0.0032 0.0015 
7 0.0045 0.0022 0.0006 0.0006 0.0019 0.0026 
3σ 0.0027 0.0018 0.0045 0.0024 0.0034 0.0024 
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The LOD for the method developed for measuring 210Pb by gamma spectrometry was 
determined by performing 7 replicate measurements of the same ultrapure iron oxide material. 
The standard deviation calculated from the activity concentrations obtained from the seven 
tests following attenuation correction (µ/ρ = 1.85 cm2/g; A = 0.65) was directly multiplied by 
3 to set up a confidence limit of 1%. This value was reassessed at least once a year throughout 
this project (see Table B).
 
 
Table B. 210Pb LOD by gamma spectrometry 
Blank 210Pb activity 
conc. (Bq/g) Jun-13 May-14 Aug-15 Aug-16 
1 0.000 0.000 0.019 0.0428 
2 0.067 0.043 0.024 0.0382 
3 0.048 0.007 0.040 0.0264 
4 0.036 0.012 0.000 0.0343 
5 0.100 0.031 0.030 0.0473 
6 0.000 0.039 0.000 0.0349 
7 0.019 0.065 0.000 0.0000 
3σ 0.109 0.069 0.050 0.047 
 
The LOD for each trace metal analysed by ICP-MS was assessed for every batches of samples 
analysed during this project. It consisted of analysing a blank acid solution 10 times (1% 
HNO3) spiked with 1ppb of several metals using a certified multi-element solution and 
multiplying the standard deviation by 3 to set a confidence limit of 99%. Typical LOD figures 
for some selected elements are presented in Table C. 
 
Table C. Typical LOD figures obtained by ICP-MS 
Element LOD (ppb) 
Aluminum  0.60 
Chromium  0.50 
Iron  0.60 
Nickel  0.10 
Copper  0.05 
Zinc  0.90 
Arsenic  0.10 
Lead  0.05 
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As the LODs for each component analysed by XRF and combustion were not further assessed 
during this project, the lower limits of quantification (LLQ) information provided by the 
manufacturer of the Bruker S8 XRF and LECO CS-444 instruments were used and assumed 
to be equivalent to the LOD of the method for each component (see Table D). 
 
Table D. Lower limit of quantification (LLQ) for each component determined by XRF and 
combustion 
Component LLQ % Element LLQ % 
Fe2O3 0.05 TiO2 0.01 
CaO 0.05 Na2O 0.08 
SiO2 0.05 Cr2O3 0.01 
MnO 0.05 Zn 0.01 
Al2O3 0.05 Pb 0.01 
MgO 0.05 Ni 0.01 
P2O5 0.02 S 0.01 
K2O 0.03 C 0.1 
 
Finally, the LOD of the method developed for determining 226Ra by alpha spectrometry could 
not be fully determined. Instead, an instrumental lower limit of detection (LLD) was 
determined to help deciding if the number of counts detected over a defined period could be 
exploited to quantify 226Ra in the studied iron ore materials. More precisely, the instrumental 
LLD is a measure of the lowest level at which the detection system can distinguish activity 
from environmental background and system noise with a defined level of confidence (95% in 
this case). It was calculated following equation 2 in reference to the Regulatory Guide 4.16 
from the US Nuclear Regulatory Commission.A 
 
LLD 226Ra = 2.86 + 4.78 √(countbackground) * tsample / tbackground                            Eq. 2 
 
where LLD 226Ra is the lowest acceptable number of counts for quantification, countbackground is the 
number of counts obtained from background check using the same detector, tsample and tbackground are the 
counting duration used for the sample and the background, respectively. 
 
A U.S. Nuclear Regulatory Commission, Regulatory Guide 4.16, Monitoring and Reporting 
Radioactive Materials in Liquid and Gaseous Effluents from Nuclear Fuel Cycle Facilities, Revision 2, 
2010, 19 pages 
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Appendix II. Analytical uncertainty calculations 
 
Every measurement has uncertainty associated with it. Measurement devices, calibration 
standards, reagents, environmental conditions and operators contribute to the total uncertainty 
of a measurement. The appropriate method of measurement uncertainty calculation depends 
upon the nature of the test and may be simple or complicated depending of the technical 
requirements associated with the measurement. In environmental studies, the sampling 
uncertainty is generally the largest component. The total uncertainty associated with a 
measurement should therefore include the cumulative uncertainties resulting from the total 
operation including the sampling operation. The uncertainty figures presented in this project 
were only calculated from the preparation steps prior to analysis. More precisely, the 
uncertainty budgets associated with the measurement of 210Po and 226Ra by alpha 
spectrometry, 210Pb by gamma spectrometry and via 210Po in-growth, and the measurement of 
fluoride by ion chromatography were determined by combining the uncertainty from different 
parameters contributing to the total uncertainty. For each contributor to the total uncertainty, a 
normal (Gaussian) distribution was assumed allowing to the determination of an uncertainty 
with 95% confidence level by multiplying the standard deviation σ per 2 (k=2). It was also 
assumed that there were no sensitivity coefficients used to adjust for the way in which they 
contribute to the combined uncertainty. The propagation of uncertainties could therefore be 
calculated using the following equation 1 (approximation to the first-order Taylor series 
expansion), assuming xi to be uncorrelated to each other. 
 
Uy2 = ∑(∂f/∂xi)2*Uxi2    | y = f(x1,x2….xi…xN)                                         Eq. 1 
 
where Uy and Uxi are the uncertainties for y and xi respectively and ∂f/∂xi is the partial derivative of f 
with respect to the variance of xi, also known as the sensitivity coefficient. 
 
As an example, the uncertainty budget developed for the measurement of 210Po by alpha 
spectrometry is described below. Figure A shows the main contributors and the calculation 
process route used to determine the total 210Po activity uncertainty, which was decomposed in 
4 main parts: mass, net 210Po count rate, 209Po net count rate and activity of 209Po spiked in the 
sample. 
 
 
 
 © Dal Molin 2018 
 
224
Figure A. Propagation of uncertainty process map
Po-210 (Bq / g) = (Po-209 spiked (Bq) * Net Po-210 count rate (cpm) / (Net Po-209 count rate (cpm) * mass (g))
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The uncertainty associated with the mass m was defined based on the precision of the balance 
of 0.001 g multiplied per 2, Um = 2 * 0.001 g = 0.002 g. 
 
The uncertainty calculation methodology for both 210Po and 209Po net count rates was 
undertaken using the gross, blank and background count rates. In order to ease the calculation, 
the count rates were assumed to be constant throughout the complete counting duration. 
Indeed, both polonium isotopes have relatively long half-lives compared to the maximum five 
days counting. In counting statistics, the standard deviation σ of the number of counts 
obtained from a single measurement can be practically estimated using the square root of the 
number of counts. In order to extent it to the level of confidence at 95%, it was then 
multiplied per 2 to determine Ucount (Equation 2):  
 
Ucount = 2σ = 2*√counts                                                    Eq. 2 
 
To determine the uncertainty of the count rates, Ucount was directly divided by the counting 
time following equation 3:  
 
Ucount rate = Ucount / time                                                      Eq. 3 
 
Unknown and blank samples were not especially counted using the same detector, therefore 
the following uncertainty summations were needed and used for both polonium isotopes 
(Equations 4, 5 & 6): 
 
UC2= UA2 + UB12                                                                                           Eq. 4 
 
UE2= UD2 + UB22                                                          Eq. 5 
 
UF2= UC2 + UE2                                                            Eq. 6 
 
where A is the unknown sample gross count rate, B1 is the background count rate in the chamber 
where the unknown sample is counted, D is the blank gross count rate, B2 is the background count rate 
in the chamber where the blank sample was counted and F is the unknown sample net count rate. 
 
The uncertainty associated with the amount of 209Po activity As spiked in the sample 
determined. It was calculated using the uncertainty from spiking a volume V of certified 209Po 
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standard. This information was directly provided in the calibration certificate delivered by an 
accredited external calibration organism. The uncertainty associated with the density ρ of the 
certified traceable 209Po solution and the decay properties of 209Po (Ao, t½ or λ) were also 
provided from the certificate delivered by the supplier. As the counting process is generally 
carried out for a maximum of 5 days, it was decided to associate an uncertainty Ut of 5 days 
for the decay time t between the reference date provided by the supplier and the starting 
counting date. 
 
The general formula to determine the 209Po activity spiked is shown in Equation 7: 
 
As = A * ρ * V = Ao * e-λt * ρ * V                                             Eq.7 
 
with A = Ao * e-λt 
 
Then UA using Equation 1:  
 
UA2 = UAo2 * (∂A / ∂Ao)2 + Uλ2 * (∂A / ∂λ)2 + Ut2 * (∂A / ∂t)2 
 
with ∂A / ∂Ao = e-λt, ∂A / ∂λ = - Ao * t * e-λ t and ∂A / ∂t = - Ao * λ * e-λt 
 
Then UAs using Equation 1:  
 
UAs2 = A2 *ρ2 * V2 * (UA2 / A2 + Uρ2 / ρ2 + UV2 / V2) 
 
Finally by recombining the 4 main contributors As, F209Po, F210Po and m using Equation 1 the 
total combined uncertainty is:  
 
U210Po2 = ((As * F210Po) / (m * F209Po))2 * (UAs2 / As2 + UF210Po2 / F210Po2 + Um2 / m2 + U209FPo2 / F209Po2 
 
The main contributors to the total uncertainty for the measurement of 210Pb by gamma 
spectrometry were from weighing the unknown sample, weighing the reference ultrapure iron 
oxide, spiking a volume of traceable amount of 210Pb tracer solution, the theoretical 210Pb 
decay properties, the homogenisation of the 210Pb spike in the reference ultrapure iron oxide 
material, counting, the mass attenuation coefficients and the uncharacterised fraction of the 
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bulk chemical composition of the reference iron ore and unknown samples determined by 
XRF and combustion. 
 
The uncertainties
 
used to estimate the combined uncertainty associated with the measurement 
of 210Pb via in-growth were from weighing the unknown sample, spiking 209Po, the theoretical 
decay properties of 210Po, 209Po and 210Bi, counting  and the residual amounts of 210Po and 
209Po before starting the in-growth. 
 
The uncertainties considered to estimate the total uncertainty for measuring fluoride by ion 
chromatography were from weighing the unknown sample. the external calibration using a 
certified standard solution, the volume of deionised water used to extract fluorides, the 
volume of aliquot used for analysis and the dilution operation before analysis.  
 
The total uncertainty for the measurement of 226Ra by alpha spectrometry was calculated in 
combining uncertainty from weighing the iron ore samples, spiking 223Ra, the theoretical 
decay properties of 223Ra (in secular equilibrium with 215Po) and counting. 
 
The uncertainty figures for 238U and trace metals analysed by ICP-MS were based on the 
standard deviations observed from repeated measurements of a reference iron ore material in 
assuming a normal probability distribution. The results are summarised in Table A. The 
uncertainty figures provided for the measurement of 226Ra by gamma spectrometry were 
calculated based on counting statistics only (see Equation 2). 
 
Table A. Mean concentration of trace metals in a reference iron ore material and uncertainty 
Element N Mean (mg/kg) σ (mg/kg) Uncertainty k=2 (%) 
Titanium 50 157.8 14.1 17.8 
Chromium 50 88.5 8.0 18.0 
Manganese 50 11810.4 678.8 11.5 
Nickel 50 15.1 1.8 23.6 
Copper 50 80.3 4.8 12.0 
Zinc 50 41.2 6.4 31.2 
Barium 50 164.7 8.5 10.3 
Lead 50 21.3 1.2 11.1 
Uranium 10 1.8 0.3 31.2 
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Appendix IV. Article published in the RSC Environmental Radiochemical 
Analysis V  
 
Environmental Radiochemical Analysis V is a collection of refereed papers presented at the 12th Symposium on Nuclear and 
Environmental Radiochemical Analysis (ERA12) held in Bath, UK in September 2014. 
 
Determination of Polonium-210 and Lead-210 in 
Iron- and Steel-making Materials 
*Franck Dal-Molin1,2, David R. Anderson1, David Read2 
1Tata Steel Group Environment, Swinden Technology Centre, Rotherham, S60 3AR, UK 
2Loughborough University, Department of Chemistry, Loughborough, LE11 3TU, UK 
 
1. INTRODUCTION 
 
Within an integrated iron and steel-making plant, production of steel involves a series of 
linked processes whereby iron is extracted from iron ores in a blast furnace and converted to 
steel in the Basic Oxygen Steel-making (BOS) process. Iron ores are initially prepared as a 
feed suitable for the blast furnace by sintering, an agglomeration process which blends iron 
ores, fluxes, reductant in the form of coke, and reverted materials from the steel works. Tata 
Steel operates two such integrated sites in the United Kingdom, producing nearly 7 million 
tonnes of steel per annum and using many millions of tonnes of raw materials resulting in 
significant quantities of by-products and wastes. 
 
Since the 1990s, it has been recognised that two natural radionuclides from the uranium-238 
(238U) decay series, polonium-210 (210Po) and lead-210 (210Pb), originally present in trace 
amounts in raw materials, are volatilised and concentrate in the form of dusts during iron ore 
sintering. Most of the dust is collected and recycled back into the process but a small 
proportion passes to the atmosphere via the main stack. As a result, the stack emissions of 
these two radionuclides from UK sinter plants have been regulated since 1998 under the 
Radioactive Substances Act 1993 (RSA93), now replaced by the Environmental Permitting 
Regulations 2011 (EPR2011). Owing to the high temperature present in the blast furnace, 
both radionuclides also concentrate in dust particles carried by the blast furnace gas. These 
particles are captured by successive gas cleaning systems and recycled into the iron ore 
sintering process.  
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To further understand the behaviour of these radionuclides through the iron and steel-making 
process and to support the current EPR2011 permits, Tata Steel UK has developed in-house 
radioanalytical methods for the measurement of 210Po and 210Pb in a wide range of iron and 
steel-making materials including raw materials, waste dusts, and emission samples.  The 
methods have been validated and accredited by the United Kingdom Accreditation Service 
(UKAS) according to the International Standard Organisation (ISO) 17025. 
 
This paper presents details of the challenges encountered when measuring these two 
radionuclides in the above materials and validating radioanalytical methods in the absence of 
suitable reference materials. 
 
2. THE INTEGRATED IRON- AND STEEL-MAKING PROCESS 
 
The integrated iron and steel-making route comprises separate compartments to prepare the 
raw materials into suitable forms required to convert iron ore into semi-finished steels and 
finished steel products (Figure 1). 
 
Figure 1. Schematic representation of a typical integrated iron and steel-making plant 
 
 
 
 
 
 
 
 
 
The principal purpose of iron ore sintering plants is to convert fine iron ores into a clinker-like 
agglomerate for use in modern high performance blast furnaces. The sintering process also 
plays an important role in the recycling of ferruginous materials arising from the downstream 
processes in steel production, thus minimising the disposal of useful iron-bearing by-products 
to landfills. The raw materials used in the sintering process are blended in the necessary 
portions into a sinter mix comprising high-grade iron ores, coke breeze, limestone, recycled 
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waste gas dusts from the process (captured by electrostatic precipitators (ESP)) and various 
revert materials such as the dust and slurries collected from the blast furnace gas cleaning 
plant. The iron ore mix typically constitutes 65 to 80% of the sinter blend and, therefore, the 
iron ores have a major influence on the overall chemical composition of the blend.  
 
The finished sinter represents a major part of the burden of blast furnaces, where primary 
reduction of ore oxides takes place to produce liquid iron. The charging system at the top of 
the furnace acts as a valve to prevent escape of gas that is taken to the gas cleaning plant 
where it is cleaned to allow its reuse as a fuel across the works [1]. It contains a large amount 
of dust that is largely removed through a dry first step of the gas treatment system either by 
using a dust catcher or a dry cyclone process. The remainder is then scrubbed from the gas by 
means of wet scrubbing to produce slurries. Pulverised and granulated coal is injected in the 
blast furnace to provide additional heat and to reduce coke requirements. Slag forms as 
calcium oxide, produced from limestone reacting with acid impurities. Liquid iron and slag 
are removed by continuous tapping from the hearth and the liquid iron is taken to the BOS 
plant to produce liquid steel. The steel is then cast into semi-finished material ready for use.  
 
3. MATERIAL AND METHODS 
 
3.1. Sampling of Stack Emissions from the Iron Ore Sintering Process 
 
There are currently no national or international standardised procedures for the determination 
of the activities of 210Po and 210Pb in waste gas stack emissions from industrial processes. 
Sampling from two Tata Steel UK sinter plants was performed to meet the requirements of  
BS EN 13284-1 [2], typically used to determine particulate emissions in waste gases and BS 
EN 14385 used to determine trace metals emissions in both particulate and gas phase [3]. 
 
The first method consists of the isokinetic extraction of particulates from the waste gas stream 
through a sharp edged nozzle. The particulate matter is then trapped on a pre-weighed quartz 
filter (47mm diameter, Whatman, UK). Sampling is carried out at multiple points in the stack 
to obtain a representative sample. On completion of sampling, the filter is dried and weighed 
to determine the mass of particulate collected. The second method is recommended for the 
determination of emissions of both particulate-bound and gas-phase metals, including As, Cd, 
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Cr, Co, Cu, Mn, Ni, Pb, Sb, Tl, and V, from stationary sources and was used to study the 
partitioning of 210Po and 210Pb between the particulate and the gas phase. This method also 
uses isokinetic sampling to extract a sample of the waste gas, but after collection of 
particulate matter on a pre-weighed quartz filter, the gas is passed through a series of 
impingers containing nitric acid and hydrogen peroxide in order to trap any metals present in 
the gas phase. 
 
3.2. Sampling of Raw Materials and Iron- and Steel-making Dusts 
 
Representative samples of the main raw and revert materials used in Tata Steel UK iron 
sintering plants were collected, homogenised via ball milling and stored in clean, light-
sensitive glass containers prior to testing.  
 
3.3. Analytical Techniques 
 
Bulk chemical composition was determined by X-Ray Fluorescence (XRF) and carbon-
sulphur analyses to (i) define the best sample preparation methodology for 210Po analysis by 
alpha spectrometry and (ii) estimate the matrix attenuation effect of 46.5 keV gamma photon 
emissions from 210Pb by gamma spectrometry using theoretical elemental mass attenuation 
coefficients from the literature [4]. 
 
Briefly, the XRF method consisted of mixing each material with alkali borate (lithium 
tetraborate) in the ratio 1:10 in platinum crucibles and heating in an automated fusion unit. 
The fused mixtures were then poured into a circular casting tray and allowed to solidify. The 
resulting beads were subjected to multi-element analysis using a XRF spectrometer (S8, 
Bruker, UK), with validation with the certified reference material (CRM) Furnace dust 877-1 
(Bureau of Analysed Samples Ltd, UK). Carbon and sulphur contents were determined using 
a carbon-sulphur analyser (CS-444, LECO, UK), which uses an induction furnace and 
measures carbon and sulphur oxides by infrared absorption. Results were validated using 
three different CRMs: Euro Standards Silicon Carbide Refractory 781-1 & Furnace dust 877-
1 (Bureau of Analysed Samples Ltd, UK) and the Furnace Slag SX32-21, (Dillinger-Hütte, 
Germany) which cover different carbon and sulphur content ranges typical of the materials 
used in the iron and steel industry. The loss on ignition (LOI) of each sample was determined 
by heating a sample at 1000°C for one hour. 
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3.4. Radioanalytical Methodologies 
 
3.4.1. 210Po analysis by alpha spectrometry 
 
Stack emission filters, raw materials and iron- and steel-making dusts were spiked with a 
known amount of certified 209Po solution (R33-01, National Physical Laboratory, UK) and 
digested in a microwave system (Mars 5, CEM, USA). Stack emission samples were digested 
using 10 cm3 of a mixture of hydrochloric acid (HCl 37%) and nitric acid (HNO3 69%) (1:4 
ratio) while three different preparation routes were investigated for raw materials and iron and 
steel-making dusts based on the information collected from the bulk chemical composition 
analysis. The sample digestion method developed by Tata Steel Group Environment and 
accredited by UKAS according to EN IEC/ISO 17025: 2005 was used as a reference (Route 
1) and requires 12 cm3 of Aqua Regia (HCl: HNO3; 3:1). A mixture of HNO3, HCl and 
hydrofluoric acid (HF 40%) (5:1:2) was also considered to investigate the presence of 210Po in 
the silicate phases (Route 2). The last preparation route consisted of burning the carbon off in 
oven for 1h at 550 °C before digesting the residues with 12 cm3 of Aqua Regia to verify the 
presence of 210Po in the carbon phases (Route 3). A temperature of 550 °C was chosen to 
enable the complete oxidation of carbon to CO2 whilst minimising the volatilisation of 210Po. 
 
All samples were filtered and the solutions evaporated to dryness and diluted in 30 cm3 of 10 
M HCl. Iron (III), a major interference for the analysis of 210Po by alpha spectrometry [5], 
was extracted from the concentrated hydrochloric acid solution using liquid-liquid extraction 
with di-isopropylether. After extraction, the concentrated hydrochloric acid solutions were 
evaporated to dryness a second time and taken up in 100 cm3 of 0.5 M HCl. A silver disc 
(ESF005, CooksonGold, UK) was then placed inside each solution for 6h at 80-90 °C to allow 
the deposition of 210Po and 209Po. They were counted using an Octête Plus Alpha-
Spectrometer and Alpha Ensemble 8 systems (ORTEC, USA). Quantification of 210Po was 
achieved by comparison with the results for a known amount of 209Po yield monitor and the 
spectrometers were calibrated using two certified radioactive sources (NK220 and AMR21, 
Isotrak, UK). 
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3.4.2. 210Pb determination using 210Po in-growth by alpha spectrometry 
 
As it is not possible to directly determine 210Pb accurately at low activities by gamma 
spectrometry for stack emission filters, the solutions from 210Po analysis were kept for a 
minimum of three months to allow for 210Po in-growth from the decay of 210Pb. 210Po was 
deposited on a silver disc, as described in the previous section and enabled back-calculation 
of 210Pb in the sample. 
 
3.4.3. 210Pb determination by gamma spectrometry 
 
Dust samples from the sintering and blast furnace processes were counted on a well-type 
Coaxial P-type High Purity Germanium detector (57.8 mm active diameter). Spectra were 
acquired and counts were recorded using Maestro-32 software (ORTEC, USA). Information 
concerning the chemical composition and bulk density were integrated in a correction model 
that compares count rates from the target (unknown) sample with those obtained from an in-
house reference material made of ultrapure hematite powder (Alfa Aesar, UK) and spiked 
with a known amount of 210Pb using a certified reference solution (R22-02, National Physical 
Laboratory, UK). The total attenuation coefficient is directly proportional to the atomic 
number (Z) and density (ρ) of the sample and inversely proportional to gamma ray energy. 
The weak 46.5 keV gamma photon emission from 210Pb is particularly susceptible to 
attenuation by iron- and steel-making dusts as may contain high Z-elements such as zinc and 
lead.  
 
When gamma radiation of intensity I0 passes through a sample of thickness L, the transmitted 
intensity I is given by: 
I = I0 e-µL     Equation 1 
 
where µ is the attenuation coefficient (expressed in units of inverse length). 
 
The degree of attenuation, A, is, therefore: 
A = I/I0 = 1- e-µL    Equation 2 
 
The total mass attenuation coefficients μ / ρ  for the reference material (hematite) and target 
samples were then obtained as follow: 
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µ / ρ = (Σ (µ i / ρ)) fi    Equation 3 
 
where µ i / ρ is the mass attenuation coefficient of element i, fi is the elemental weighing 
fraction (%); and ρ is the sample density. 
 
The theoretical elemental attenuation coefficients at 46.5 keV were obtained by interpolating 
linearly between 40 and 50 keV, and are presented in Table 1. 
 
Table 1. Theoretical elemental mass attenuation coefficients at 46.5 keV [4] 
 
Element µi/ρ (cm2/g) at 46.5 keV 
C 0.194 
O 0.229 
Mg 0.385 
Al 0.438 
Si 0.530 
S 0.726 
Ca 1.303 
Mn 2.223 
Fe 2.543 
Zn 3.764 
Pb 10.250 
 
Each sample, including the reference hematite, was analysed in uniform sample holders of 5 
cm diameter, at a fixed position to the detector and using masses ranging from 9.9 to 10.1 g to 
minimise geometry effects. 
 
3.5. Quality Control Programme 
 
As part of the quality control programme and to support accreditation according to the EN 
IEC/ISO 17025:2005 [6], each batch of samples should contain a reference material to 
validate the results. As there are currently no suitable and traceable certified reference 
materials available, several in-house reference materials (RMs) were developed. One iron ore 
and one sinter dust were selected to be developed as RMs for the alpha spectrometry method 
and the same sinter dust along with a blast furnace dust were selected for the gamma 
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spectrometry method. When analysing stack emission samples, one blank filter was spiked 
with a known amount of a certified 210Pb standard solution (R22-02, National Physical 
Laboratory, UK) and used as a reference for result validation.  
 
4. RESULTS AND DISCUSSION 
 
4.1. Partitioning of 210Po and 210Pb between Particulate and Gas Phase in Sinter Plant 
Emissions 
 
In order to verify the assumption that the radioactive species are predominantly found in the 
particulate phase, studies were carried out at the two Tata Steel UK sinter plants to determine 
the degree of partitioning of 210Po and 210Pb between the particulate and the gas phase in 
sinter plant emissions using the British Standard EN 14385 [3], which affords discrimination 
between particulate-bound and gas phase metals. The results obtained at sinter plant 1 clearly 
indicated that both 210Po and 210Pb were predominantly present in the particulate phase in 
sinter plant emissions. As can be seen from Table 2, 210Po and 210Pb activities found in the gas 
phase ranged from 0.0006 to 0.005 Bq/m3 and from 0.003 to 0.008 Bq/m3, respectively. These 
concentrations equate to there being only 0.01 to 0.13% (210Po) and 0.23 to 0.66% (210Pb) of 
the total emission activity present in the gas phase. At sinter plant 2, 210Po activities found in 
the gas phase for the two samples collected were 0.007 and 0.024 Bq/m3, equating to only 
0.07% and 0.19% of the total 210Po activity present in each sample. Similarly, 210Pb activities 
found in the gas phase were 0.028 and 0.038 Bq/m3, equating to 0.42% and 0.46% of the total 
210Pb activity. The results showed excellent agreement with those obtained at Sinter Plant 1. 
Thus, on average, approximately 99.9% and 99.5 % of 210Po and 210Pb, respectively, were 
associated with the particulate matter in the emission. 
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Table 2. Partitioning of 210Po and 210Pb in emission samples collected using the British Standard EN 
14385 [3] at sinter plants 1 and 2. 
 
 Activity (Bq/Nm3, dry) 
210Po 210Pb 
Sinter Plant 1   
Test 1 (Particulate) 4.0  [99.99%] 1.1  [99.73%] 
Test 1 (Gas phase) 0.0006 [0.01%] 0.003 [0.27%] 
Test 2 (Particulate) 4.5 [99.93%] 1.3 [99.77%] 
Test 2 (Gas phase) 0.003 [0.07%] 0.003 [0.23%] 
Test 3 (Particulate) 3.9 [99.87%] 1.2 [99.34%] 
Test 3 (Gas phase) 0.005 [0.13%] 0.008   [0.66%] 
Sinter Plant 2   
Test 1 (Particulate) 10.01  [99.93%] 6.7   [99.58%] 
Test 1 (Gas phase) 0.007  [0.07%] 0.028  [0.42%] 
Test 2 (Particulate) 12.65  [99.81%] 8.2  [99.54%] 
Test 2 (Gas phase) 0.024 [0.19%] 0.038  [0.46%] 
 
The results of this study demonstrated that 210Po and 210Pb were present in the particulate 
phase in sinter plant emissions and therefore that the use of British Standard EN 13284-1 [2] 
is justified for the sampling of sinter plant emissions [7].  
 
4.2. Bulk Chemical Composition of Iron- and Steel-making Materials 
 
The bulk chemical composition of the main raw materials used in the iron ore sintering 
process and the three in-house RMs are presented in Table 3. 
 
Some significant differences in the bulk chemical composition of the materials considered 
were observed, especially the proportions of iron, calcium, silicon and carbon (& LOI). The 
content of silica for all materials ranged from 2.4 to 7.1 % except for olivine with 
approximately 40 %. The LOI (carbon forms and water bound materials) ranged up to 84.5 %. 
Different proportions of coke are being used in the iron sintering plant and in the blast furnace 
that explains the wide range of LOI. Limestone also presents high carbon content as 
carbonate. The carbon content of RM BF dust was found to be equal to its iron content whilst 
the carbon content in RM sinter dust only represented 5% of its total weight. 
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Table 3. Bulk chemical composition of iron making materials 
 
Component (%)** Fe2O3 CaO SiO2 MnO Al2O3 MgO P2O5 K2O TiO2 
RM iron ore 95.8 0.61 2.4 0.1 0.36 0.84 0.06 0.06 0.20 
High grade iron ore 93 0.05 3.3 0.64 1.1 0.08 0.05 0.03 0.06 
Olivine 8.6 0.4 40.9 0.11 0.47 48 0.02 0.04 0.01* 
Limestone 0.3 53.9 2.5 0.05 0.37 0.38 0.07 0.06 0.02 
Coke 2.3 1.2 6.7 0.06 3.4 0.27 0.12 0.22 0.19 
RM Sinter dust 64.3 10.9 5.7 0.5 1.6 1.63 0.10 1.0 0.10 
RM BF dust 38.6 4.1 6.9 0.31 3.1 1.1 0.16 0.48 0.13 
 
Table 3. Cont. 
 
Component (%)** Na2O Cr2O3 Zn Pb Ni S C LOI TOTAL*** 
RM iron ore 0.08* 0.02 0.01* 0.01* 0.02 0.01* 0.1* 0.01 100.6 
High grade iron ore 0.08* 0.01* 0.01* 0.01* 0.01* 0.01* 0.1* 1.78 100.2 
Olivine 0.08* 0.35 0.01* 0.01* 0.26 0.01* 0.1* 1.29 100.6 
Limestone 0.08* 0.01* 0.01* 0.01* 0.01* 0.01* 11.2 42.6 100.4 
Coke 0.1 0.02 0.01* 0.01* 0.01* 0.6 80.9 84.5 99.7 
RM Sinter dust 0.12 0.04 0.02 0.12 0.01* 0.5 4.6 12.6 99.3 
RM BF dust 0.1 0.02 1.8 0.53 0.01* 0.75 37 42.4 100.5 
* Limit of Detection (LoD) 
** Conventional representation of elements as simple oxides except for Zn, Pb, N and S 
*** Sum of elements excluding C 
 
4.3. Comparison of Sample Preparation Techniques for the Determination of 210Po in 
Iron- and Steel-making Materials 
 
Agreement was observed for both iron ores and limestone samples but not for the olivine and 
coke samples (Figure 2). Olivine is a silicate and the disagreement between Route 1 using 
Aqua Regia and Route 2 using HF can be explained by the presence of 210Po in silicate 
phases. A difference of nearly 50 % was observed between Route 1 and 3 for the coke 
material, suggesting the presence of 210Po in carbon phases. Figure 3 presents the enhanced 
210Po activity concentrations found in RM sinter dust and RM BF dust where the same 
digestion routes were tested. Agreement was observed for both RMs suggesting that addition 
of HF or pre-heating of the sample is not necessary to determine 210Po in those materials.  
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Figure 2. Comparison of 210Po activity concentrations in raw materials used in the iron ore sintering 
process using different digestion routes 
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Figure 3. Comparison of 210Po activity concentrations in RM sinter dust and RM BF dust using 
different digestion routes 
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Error bars 2σ 
 
4.4. Determination of 210Pb in Iron- and Steel-making Dusts by Gamma Spectrometry 
using Bulk Chemical Composition Information 
 
The total mass attenuation coefficients, μ / ρ, and degree of attenuation, A, for the reference 
material (hematite) and the in-house RMs are presented in Table 4. They were calculated 
using equations 3 and 2, respectively, and the bulk chemical composition information from 
XRF and carbon-sulphur analysis. The total attenuation coefficients ranged from 1.01 to 1.85 
and their associated degrees of attenuation from 0.65 to 0.78.  
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Table 4. Bulk chemical composition of in-house reference materials (RMs) and associated mass 
attenuation coefficients 
 
Component 
fraction (%) 
Reference 
Hematite* 
RM Sinter dust RM BF dust 
Fe2O3 98.2 64.3 38.6 
SiO2 0.05** 5.7 6.9 
CaO 0.05** 10.9 4.1 
Al2O3 0.05** 1.6 3.1 
MgO 0.05** 1.6 1.1 
MnO 0.05** 0.5 0.3 
Zn 0.01** 0.02 1.8 
Pb 0.01** 0.12 0.53 
C 0.1** 12.6 42.4 
S 0.01** 0.5 0.8 
µ / ρ (cm2 / g) 1.85 1.41 1.01 
A 0.65 0.70 0.78 
  *Ultrapure hematite powder spiked with a known amount of 210Pb using a certified reference solution 
  R22-02 (NPL) 
  ** Limit of Detection (LoD) 
 
The activity concentrations of 210Pb in the two in-house RMs were calculated with and 
without attenuation correction (Table 5). The 210Pb activity concentrations for the RM sinter 
dust with and without attenuation correction were compared with the 210Po activity 
concentration; the latter being in secular equilibrium (older than two years). 
A significant underestimation of 210Pb was noticed for RM BF dust when not considering 
matrix attenuation correction demonstrating the importance of using this approach when 
measuring a low energy gamma-emitter such as 210Pb in dense materials containing high Z 
elements. 
 
Table 5. 210Pb activity concentrations in the two in-house reference materials (RMs) with and without 
attenuation correction 
 
 
210Pb (Bq/g) 210Pb (Bq/g)* 210Po (Bq/g) 
RM sinter dust 1.05 0.95 1.05 
RM BF dust 7.20 3.24 5.32 
  *No matrix attenuation correction 
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5. CONCLUSIONS 
 
Two in-house radioanalytical methods have been validated for the measurement of 210Po and 
210Pb in a wide range of iron- and steel-making materials using in-house reference materials. 
The methods have been accredited by UKAS according to the EN IEC/ ISO 17025:2005.  
 
It was first established that 210Po and 210Pb emitted in the sintering process are associated 
almost entirely with particulate matter (>99.5% and >99.9%, respectively). This work has 
benefitted from collaboration with the regulatory authorities who have confirmed that best 
practicable means were used to measure and control sinter plant stack emissions. Then, the 
bulk chemical composition information was used to assess the suitability of using Aqua Regia 
for preparing raw and revert materials used in the iron ore sintering process for 210Po analysis 
by alpha spectrometry. Most of the 210Po results using the standard preparation route were 
found to be in agreement with the two other routes tested except for olivine and coke. The use 
of a single acid mixture to digest a wide range of iron- and steel-making materials is 
unrealistic. It is recommended that another treatment is adopted when analysing 210Po in 
olivine and coke. Finally, the bulk chemical composition information assists in calculating 
mass attenuation coefficients in order to determine 210Pb in dust samples using gamma 
spectrometry. This method proved beneficial as it takes into consideration the important 
absorption of the 46.5 keV gamma-rays by the sample matrix. The result for the RM sinter 
was found to be satisfactory when compared with the 210Po reference value. The result for the 
RM BF dust demonstrated the importance of using this approach when measuring a low 
energy gamma-emitter such as 210Pb in dense materials containing high Z elements.  
 
Further studies are needed to confirm the suitability of these in-house matrices as certified 
reference materials (CRMs). Indeed, there are currently no commercially available CRMs that 
present a similar texture and chemical composition to the materials from the iron and steel 
industry. An inter-laboratory comparison exercise with external accredited radiochemical 
laboratories has been organised to support the certification of these materials.  
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Appendix V. Inventory of 210Pb attenuation coefficients 
 
Table A. Inventory of 210Pb attenuation coefficients obtained for sinter dusts 
Fe2O3 LOI SiO2 CaO Al2O3 MgO MnO S Zn Pb ?* TOTAL Uf %** µ/ρ (cm2/g) Uµ/ρ (cm2/g) 
62.4 13.3 4.9 9.2 1.6 1.1 0.53 0.72 0.05 0.78 5.4 94.6 5.4 1.47 0.08 
64.5 12.1 5.0 9.8 1.6 1.1 0.55 0.61 0.05 0.55 4.2 95.8 4.2 1.47 0.06 
67.5 10.0 5.4 9.7 1.6 1.5 0.63 0.42 0.03 0.19 3.1 96.9 3.1 1.47 0.05 
65.3 11.2 5.9 11.3 1.7 1.4 0.61 0.48 0.03 0.18 2.0 98.0 2.0 1.43 0.03 
61.6 14.4 5.0 11.7 1.5 1.9 0.42 0.70 0.02 0.29 2.5 97.6 2.5 1.39 0.04 
67.1 10.5 6.0 9.3 1.5 1.8 0.45 0.57 0.02 0.25 2.5 97.5 2.5 1.46 0.04 
65.8 10.5 5.6 10.3 1.5 1.6 0.44 0.61 0.01 0.18 3.4 96.6 3.4 1.45 0.05 
70.4 8.4 6.1 9.0 1.5 2.0 0.48 0.47 0.02 0.14 1.5 98.5 2.0 1.49 0.03 
70.1 9.8 6.8 7.6 1.6 2.0 0.41 0.51 0.01 0.14 1.1 98.9 2.0 1.47 0.03 
74.1 5.6 5.6 8.4 1.8 2.3 0.68 0.36 0.03 0.13 1.0 99.0 2.0 1.54 0.03 
69.6 7.2 6.5 9.1 1.7 2.0 0.62 0.32 0.04 0.18 2.8 97.2 2.8 1.50 0.04 
44.3 32.9 3.3 4.7 1.1 0.8 0.20 1.64 0.07 2.30 8.7 91.3 8.7 1.32 0.11 
67.2 12.5 5.6 8.1 1.3 2.1 0.38 0.51 0.02 0.37 2.0 98.0 2.0 1.46 0.03 
71.7 7.8 6.6 7.5 1.3 1.8 0.56 0.34 0.02 0.11 2.2 97.8 2.2 1.51 0.04 
64.8 11.9 5.9 10.5 1.6 1.5 0.44 0.69 0.02 0.24 2.3 97.7 2.3 1.43 0.04 
77.2 5.3 6.0 7.1 1.3 2.1 0.46 0.32 0.02 0.05 0.2 99.8 2.0 1.56 0.03 
71.5 8.6 6.5 7.7 1.5 2.0 0.40 0.37 0.01 0.10 1.3 98.7 2.0 1.49 0.03 
Mean 1.47 0.11 
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Table B. Inventory of 210Pb attenuation coefficients obtained for blast furnace coarse dusts 
Fe2O3 LOI SiO2 CaO Al2O3 MgO MnO S Zn Pb ?* TOTAL Uf %** µ/ρ (cm2/g) Uµ/ρ (cm2/g) 
45.6 40.8 5.7 3.6 2.0 1.0 0.34 0.36 0.19 0.12 0.34 99.7 2.0 1.02 0.02 
53.9 30.5 6.6 5.5 2.0 1.4 0.53 0.29 0.14 0.04 -0.94 100.9 2.0 1.16 0.02 
35.2 50.5 6.2 4.1 2.3 1.1 0.35 0.39 0.08 0.08 -0.23 100.2 2.0 0.84 0.02 
54.3 28.8 6.0 6.0 2.0 1.6 0.37 0.27 0.05 0.04 0.56 99.4 2.0 1.17 0.03 
31.5 54.5 5.9 4.0 2.7 1.1 0.20 0.31 0.25 0.06 -0.5 100.5 2.0 0.78 0.02 
48.6 44.1 6.0 4.4 2.2 0.9 0.32 0.43 0.26 0.03 -7.22 107.2 7.2 1.01 0.07 
32.7 42.3 5.9 2.3 2.4 0.7 0.11 0.42 0.02 0.02 13.17 86.8 13.2 0.86 0.11 
41.5 43.7 6.2 3.2 2.3 0.8 0.23 0.33 0.31 0.05 1.40 98.6 2.0 0.95 0.02 
32.9 54.8 6.3 2.1 2.3 0.7 0.14 0.41 0.06 0.01 0.25 99.8 2.0 0.78 0.02 
31.5 52.0 6.3 4.2 3.3 1.1 0.26 0.39 0.09 0.02 0.85 99.2 2.0 0.78 0.02 
42.9 43.8 5.7 3.3 2.4 0.2 0.91 0.33 0.24 0.03 0.17 99.8 2.0 0.97 0.02 
42.9 44.5 5.2 3.8 2.3 0.2 0.90 0.36 0.19 0.03 -0.42 100.4 2.0 0.97 0.02 
            Mean 0.94 0.27 
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Table C. Inventory of 210Pb attenuation coefficients obtained for blast furnace hydrocyclone overflow (BFHCOF) materials 
Fe2O3 LOI SiO2 CaO Al2O3 MgO MnO S Zn Pb ?* TOTAL Uf %** µ/ρ (cm2/g) Uµ/ρ (cm2/g) 
38.9 42.9 6.3 3.0 2.7 0.8 0.28 1.05 3.4 1.3 -0.71 100.7 2.0 1.13 0.03 
36.3 47.5 5.8 2.9 2.3 0.7 0.23 0.94 2.5 1.4 -0.58 100.6 2.0 1.07 0.02 
37.1 40.7 6.6 4.8 2.9 1.2 0.40 0.80 2.9 0.8 1.89 98.1 2.0 1.07 0.02 
40.6 42.7 5.8 3.1 2.2 0.8 0.32 0.85 2.7 0.9 0.01 100.0 2.0 1.10 0.02 
38.5 44.9 5.8 3.0 2.3 0.8 0.29 0.91 2.9 1.0 -0.40 100.4 2.0 1.08 0.02 
34.4 49.3 5.9 2.6 2.3 0.6 0.26 0.91 3.7 0.9 -0.80 100.8 2.0 1.02 0.02 
36.7 44.6 6.1 3.3 2.4 0.7 0.31 0.97 4.9 1.0 -1.00 101.0 2.0 1.11 0.02 
41.2 32.8 7.0 4.8 2.9 1.3 0.43 0.73 2.3 1.1 6.24 93.8 6.2 1.19 0.08 
39.8 38.8 6.5 4.0 3.0 1.1 0.38 0.73 1.9 0.8 3.05 97.0 3.1 1.08 0.03 
51.1 24.6 6.1 5.8 2.4 1.3 0.46 0.53 1.2 0.6 5.95 94.1 6.0 1.27 0.08 
44.0 29.0 6.3 3.6 2.7 1.1 0.39 0.77 2.0 0.8 9.33 90.7 9.3 1.22 0.11 
39.78 38.0 6.9 3.2 3.3 1.2 0.30 0.73 1.3 0.5 4.83 95.2 4.8 1.04 0.05 
38.3 38.9 7.2 3.8 3.4 1.3 0.32 0.83 1.8 0.5 3.56 96.4 3.6 1.03 0.04 
38.6 42.4 6.9 4.1 3.1 1.1 0.31 0.75 1.8 0.5 0.40 99.6 2.0 1.01 0.02 
38.6 43.6 6.5 4.7 3.0 1.0 0.28 0.71 1.3 0.4 -0.09 100.1 2.0 0.98 0.02 
48.3 31.7 5.9 5.2 2.4 1.3 0.49 0.38 1.8 0.7 1.93 98.1 2.0 1.21 0.03 
38.6 39.8 6.9 4.1 3.1 0.9 0.26 1.02 3.7 0.6 1.05 99.0 2.0 1.09 0.02 
42.2 43.8 5.6 3.1 2.0 0.9 0.28 0.75 1.3 0.4 -0.25 100.3 2.0 1.02 0.02 
36.1 43.8 6.0 3.4 2.3 0.7 0.27 1.17 4.6 0.4 1.20 98.8 2.0 1.06 0.02 
36.5 42.4 6.1 3.8 2.4 0.8 0.34 1.36 6.1 1.1 -0.89 100.9 2.0 1.18 0.03 
41.5 42.0 7.1 3.7 2.7 1.0 0.22 0.62 0.8 0.4 0.09 99.9 2.0 1.00 0.02 
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Table C. Cont. 
Fe2O3 LOI SiO2 CaO Al2O3 MgO MnO S Zn Pb ?* TOTAL Uf %** µ/ρ (cm2/g) Uµ/ρ (cm2/g) 
40.0 38.0 7.6 4.6 3.5 1.3 0.30 0.93 2.6 0.6 0.49 99.5 2.0 1.08 0.02 
57.2 19.6 6.6 7.9 2.3 2.5 0.97 0.39 1.1 0.4 1.13 98.9 2.0 1.33 0.03 
41.5 40.3 6.2 3.5 2.4 1.0 0.37 0.88 2.8 1.0 0.05 100.0 2.0 1.14 0.03 
26.6 47.8 7.8 4.8 4.3 1.2 0.23 2.40 5.1 1.0 -1.26 101.3 2.0 0.98 0.02 
37.6 46.4 6.0 3.7 2.5 1.0 0.24 0.76 0.9 0.1 0.78 99.2 2.0 0.91 0.02 
31.6 46.3 6.9 5.7 3.4 1.3 0.21 1.51 2.1 0.2 0.89 99.1 2.0 0.89 0.02 
33.6 39.6 7.3 7.4 3.6 1.8 0.18 1.87 1.3 0.1 3.26 96.7 3.0 0.92 0.03 
32.0 48.3 6.6 4.4 3.0 1.2 0.19 1.79 2.1 0.1 0.26 99.7 2.0 0.88 0.02 
39.8 36.8 8.3 5.2 4.3 1.2 0.26 1.42 4.0 1.4 -2.63 102.6 2.6 1.18 0.03 
34.6 37.8 8.6 5.4 5.2 1.5 0.26 1.81 5.0 1.1 -1.23 101.2 2.0 1.13 0.03 
41.5 38.0 7.8 4.4 3.7 1.0 0.26 1.20 2.8 0.7 -1.33 101.3 2.0 1.11 0.02 
40.3 38.3 7.8 4.4 3.7 1.1 0.26 1.16 2.7 0.8 -0.48 100.5 2.0 1.10 0.02 
40.6 37.8 7.9 4.5 3.8 1.1 0.26 1.15 2.6 1.0 -0.66 100.7 2.0 1.12 0.02 
41.5 38.2 7.7 4.4 3.6 1.1 0.26 1.11 2.6 1.0 -1.43 101.4 2.0 1.12 0.03 
41.9 36.9 7.9 4.6 3.7 1.1 0.26 1.16 2.7 1.0 -1.19 101.2 2.0 1.14 0.03 
41.3 36.1 8.1 4.8 4.1 1.2 0.26 1.36 3.1 1.2 -1.57 101.6 2.0 1.17 0.03 
40.5 37.9 8.4 4.5 3.7 1.2 0.39 1.13 2.6 1.0 -1.25 101.3 2.0 1.11 0.02 
37.6 36.7 8.7 4.8 5.0 1.4 0.26 1.56 3.8 1.4 -1.25 101.3 2.0 1.16 0.03 
38.2 36.0 8.9 4.9 5.3 1.5 0.26 1.54 3.9 1.4 -1.87 101.9 2.0 1.16 0.03 
41.0 35.7 8.5 4.1 4.9 1.2 0.26 1.40 3.3 1.4 -1.80 101.8 2.0 1.18 0.03 
38.8 37.5 8.5 4.5 4.8 1.3 0.26 1.49 3.7 1.5 -2.32 102.3 2.3 1.17 0.03 
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Table C. Cont2. 
Fe2O3 LOI SiO2 CaO Al2O3 MgO MnO S Zn Pb ?* TOTAL Uf %** µ/ρ (cm2/g) Uµ/ρ (cm2/g) 
41.8 37.9 7.8 3.8 4.2 1.0 0.26 1.33 3.2 0.9 -2.16 102.2 2.2 1.13 0.03 
36.6 38.3 8.8 4.8 5.3 1.4 0.26 1.50 3.3 1.1 -1.36 101.4 2.0 1.09 0.02 
40.9 36.2 8.5 4.4 4.5 1.3 0.26 1.34 3.0 1.0 -1.37 101.4 2.0 1.13 0.03 
36.5 40.3 8.7 4.3 4.8 1.3 0.26 1.35 2.8 0.9 -1.21 101.2 2.0 1.05 0.02 
37.5 38.7 8.6 3.8 4.7 1.3 0.26 1.42 4.1 1.1 -1.39 101.4 2.0 1.12 0.03 
Mean 1.12 0.14 
 
Table D. Inventory of 210Pb attenuation coefficients obtained for blast furnace hydrocyclone underflow (BFHCUF) materials 
Fe2O3 LOI SiO2 CaO Al2O3 MgO MnO S Zn Pb ?* TOTAL Uf %** µ/ρ (cm2/g) Uµ/ρ (cm2/g) 
25.4 61.4 5.2 2.1 2.0 0.6 0.17 0.45 0.17 0.07 2.40 97.6 2.4 0.67 0.02 
47.0 38.8 6.0 3.9 2.0 1.1 0.41 0.34 0.54 0.13 -0.22 100.2 2.0 1.06 0.02 
46.7 40.9 6.0 3.3 1.9 0.9 0.31 0.34 0.32 0.12 -0.73 100.7 2.0 1.03 0.02 
32.9 52.6 5.9 2.8 2.2 0.9 0.20 0.37 0.12 0.03 2.03 98.0 2.0 0.80 0.02 
43.0 41.7 6.1 3.8 2.2 1.1 0.28 0.35 0.21 0.04 1.19 98.8 2.0 0.98 0.02 
31.5 55.5 5.7 2.8 2.4 0.8 0.16 0.46 0.17 0.04 0.60 99.4 2.0 0.77 0.02 
40.1 45.8 5.7 3.8 2.2 1.1 0.16 0.37 0.12 0.04 0.56 99.4 2.0 0.92 0.02 
39.7 46.1 6.2 3.1 2.1 1.0 0.20 0.35 0.12 0.03 0.98 99.0 2.0 0.91 0.02 
            Mean 0.89 0.27 
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Fe2O3 LOI SiO2 CaO Al2O3 MgO MnO S Zn Pb ?* TOTAL Uf %** µ/ρ (cm2/g) Uµ/ρ (cm2/g) 
80.5 6.9 2.1 5.0 0.40 1.1 1.5 0.22 0.54 0.43 1.36 98.6 2.0 1.68 0.04 
95.4 0.0 1.7 5.0 0.14 0.9 2.1 0.07 0.18 0.30 -5.83 105.8 5.8 1.79 0.11 
86.5 3.8 1.7 4.9 0.26 1.0 1.7 0.18 0.43 0.38 -0.88 100.9 2.0 1.74 0.04 
97.0 0.0 1.3 4.8 0.00 1.0 2.1 0.06 0.15 0.17 -6.62 106.6 6.6 1.79 0.12 
82.6 6.1 1.9 5.2 0.36 1.1 1.6 0.21 0.50 0.43 0.03 100.0 2.0 1.69 0.04 
97.4 0.0 1.4 5.3 0.00 0.9 2.1 0.06 0.13 0.22 -7.49 107.5 7.5 1.79 0.13 
82.4 1.8 1.6 8.9 0.16 1.9 1.4 0.01 0.11 0.09 1.68 98.3 2.0 1.69 0.04 
86.6 1.7 1.6 7.3 0.12 1.3 1.3 0.11 0.17 0.23 -0.45 100.5 2.0 1.73 0.04 
85.2 2.2 1.6 7.2 0.14 1.3 1.3 0.10 0.26 0.19 0.53 99.5 2.0 1.72 0.04 
79.5 2.6 1.8 6.6 0.24 1.3 1.2 0.11 0.21 0.18 6.24 93.8 6.2 1.71 0.11 
82.4 1.7 1.4 8.8 0.08 1.7 1.4 0.77 0.18 0.09 1.52 98.5 2.0 1.70 0.04 
79.5 2.2 1.8 9.3 0.22 2.2 1.3 0.14 0.29 0.09 2.93 97.1 2.9 1.67 0.05 
98.7 -10.4 1.2 4.4 0.07 1.3 1.3 0.06 0.47 0.10 2.81 97.2 2.8 1.96 0.06 
74.4 9.1 3.3 7.0 0.77 1.5 1.6 0.24 0.61 0.35 1.16 98.8 2.0 1.59 0.04 
Mean 1.73 0.17 
*uncharacterised fraction 
**relative uncertainty from bulk chemical composition, minimum 2% 
 
 
 
 
 © Dal Molin 2018                                                                                                                                                                          249 
 
 
Appendix VI. Article published in Analytica Chimica Acta 
 
 © Dal Molin 2018                                                                                                                                                                          250 
 
 
 
 © Dal Molin 2018                                                                                                                                                                          251 
 
 
 
 © Dal Molin 2018                                                                                                                                                                          252 
 
 
 
 © Dal Molin 2018                                                                                                                                                                          253 
 
 
 
 
 © Dal Molin 2018                                                                                                                                                                          254 
 
 
 
 
 © Dal Molin 2018                                                                                                                                                                          255 
 
 
 
 
 © Dal Molin 2018                                                                                                                                                                          256 
 
 
 
 
 
 
 
 © Dal Molin 2018                                                                                                                                                                          257 
 
 
Appendix VII. One-way analysis of variance (ANOVA) test 
 
The one-way analysis of variance (ANOVA) test is a statistical test used to determine if two 
population means or more are equal. The test uses the F-distribution as probability 
distribution function and information about the variances σ2 of each population and groups of 
population to help decide if variability between and within each population are significantly 
different. 
 
The null and alternative hypotheses of one-way ANOVA can be expressed as follows: 
 
H0: µ1 = µ2 = µ3 = ... = µk meaning all k population means are equal 
 
H1: at least one µ i is different  
 
with µ i is the population mean of the ith group (i = 1, 2, ..., k) 
 
The one-way analysis of variance (ANOVA) test is described here using a five step approach 
which is often shown in a table, breaking down the components of variation in the data into 
variation between treatments and error or residual variation (see Table A) 
 
Table A. ANOVA table 
Source of 
variation 
Sums of squares (SS) Degrees of 
freedom (df) Mean squares (MS) F 
Between 
treatments 
 
k-1 
  
Error (or 
Residual) 
 
N-k 
 
 
Total 
 
N-1 
  
 
is the sample mean of the jth treatment (or group),  is with X is an individual observation, 
the overall mean, also called grand mean, k is the number of treatments or independent comparison 
groups and N is the total number of observations. 
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The F test statistic is found by dividing the between group variance MSB by the within group 
variance MSE. The decision is to reject the null hypothesis Ho if the test statistic is greater 
than the F critical value with k-1 numerator and N-k denominator degrees of freedom 
available from the F table with confidence interval of 95% (α = 0.05). In my project, this test 
was used several times. The application of this statistical test to compare the 210Pb activity 
concentrations found in BF4 and BF5 slurry materials is detailed below. All data are listed in 
Table B. 
 
Table B. Comparison between 210Pb activity concentrations in BF4 slurry and BF5 slurry materials 
Test 210Pb BF4 slurry (Bq/g) 210Pb BF5 slurry (Bq/g) 
1 4.00 1.35 
2 4.22 3.32 
3 8.55 5.21 
4 21.41 3.42 
5 15.36 4.18 
6 5.70 2.61 
7 17.08 2.09 
8  3.03 
9  3.15 
10  3.88 
Mean 10.90 3.22 
 
SSB = 7 * (10.90 – 6.39)2 + 10 * (3.22 – 6.39)2 = 243 
MSB = 243 / (2 – 1) = 243 
SSE = (1.35 – 3.22)2 + (3.32 – 3.22)2 + (5.21 – 3.22)2 + (3.42 – 3.22)2 + (4.18 – 3.22)2 + (2.61 
– 3.22)2 + (2.09 – 3.22)2 + (3.03 – 3.22)2 + (3.15 – 3.22)2 + (3.88 – 3.22)2 + (4 – 10.9)2 + 
(4.22 – 10.9)2 + (8.55 – 10.9)2 + (21.41 – 10.9)2 + (15.36 – 10.9)2 + (5.7 – 10.9)2 + (17.08 – 
10.9)2 = 304 
MSE = 304 / (10 + 7 – 2) = 20.3 
F = 243 / 20.3 = 12.02 
Fcritical (α = 0.05) = 4.54. Ho was therefore rejected in this particular example. 
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Appendix IX. Equilibrium between 210Po and 210Pb in occupational PM100 and 
PM10 dust samples  
 
As both radionuclides were not in secular equilibrium in the two occupational dust samples 
used in the dissolution tests, it was important to determine the state of equilibrium between 
the two radionuclides when reviewing the cumulative dissolved fraction each time an aliquot 
was taken for analysis. Using the decay rules expressed in Equations 1, 2 and 3, the 210Pb and 
210Po activities could be revised accordingly:  
 
AA = AA,0 . e-λAt                                                                            Eq. 1 
 
AB = AA,0 . λA  .(e- λAt - e- λBt) / (λB - λA)                                                       Eq. 2 
 
AC = AC,0.(                                                                                                                               )          Eq. 3 
 
Note: A is 210Pb, B is 210Bi and C is 210Po 
λA = 8.51E-05 d-1, λB = 0.13835 d-1, λC = 0.00501 d-1 
 
The initial 210Po and 210Pb activity concentrations in the dust samples were separately 
determined by alpha spectrometry (210Pb via 210Po in-growth). As can be seen in Table A, the 
initial 210Po and 210Pb activities in one gram of the occupational PM100 dust used in the 
dissolution test were 2.30 and 1.01 Bq, respectively. The activity figures after 7, 22, 56, 126 
and 183 days are also presented in Table A and correspond to the theoritical 210Po and 210Pb 
activities when aliquots were taken for analysis. The equilibrium of 210Po, 210Bi and 210Pb over 
190 days is depicted in Figure A.  
 
Table A. Equilibrium between 210Pb, 210Bi and 210Po in the occupational PM100 dust sample 
Time (day) 210Pb (Bq/g) 210Bi (Bq/g) 210Po (Bq/g) 
0 1.01 n.a. 2.30 
7 1.01 0.63 2.24 
22 1.01 0.96 2.14 
56 1.00 1.00 1.96 
126 1.00 1.00 1.68 
183 0.99 0.99 1.51 
       n.a. not determined 
λA λB
λA - λB λC - λB
.
λA λB
λA - λC λB - λC
.. e-λBt . e-λCt
λA λB
λC - λA λB - λA
. . e- λAt + +
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Figure A. Equilibrium between 210Pb, 210Bi and 210Po in the occupational PM100 dust sample over six 
months 
 
 
 
 
 
 
 
The initial 210Po and 210Pb activities in one gram of the occupational PM10 dust used in the 
dissolution tests as well as the activity figures after 7, 22, 56, 126 and 183 days are presented 
in Table B. The equilibrium between 210Po, 210Bi and 210Pb over 190 days is depicted in 
Figure B.  
 
Table B. Equilibrium between 210Pb, 210Bi and 210Po in the occupational PM10 dust sample 
Time (day) 210Pb (Bq/g) 210Bi (Bq/g) 210Po (Bq/g) 
0 1.39 n.a. 3.33 
7 1.39 0.86 3.23 
22 1.39 1.32 3.08 
56 1.38 1.38 2.82 
126 1.38 1.38 2.39 
183 1.37 1.37 2.14 
       n.a. not determined 
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Figure B. Equilibrium between 210Pb, 210Bi and 210Po in the occupational PM10 dust sample over six 
months 
 
 
Unfortunately, the theoretical equilibrium between 210Po and 210Pb could not be verified for 
the occupational PM100 dust as the quantity of this material was limited to perform further 
analysis. However, the theoretical 210Po activities in the studied occupational PM10 dust 
sample was verified by repeating its analysis after 144 and 207 days. The results are presented 
in Table C and show an agreement between the theoretical activity values and the activities 
obtained from alpha spectrometric analysis. 
 
Table C. Comparison between the theoretical 210Po activity and 210Po activity determined by alpha 
spectrometry in the occupational PM10 dust sample 
Time (day) Theoretical 210Po (Bq/g) Analysed 210Po (Bq/g)  
144 2.30 2.36 ± 0.12 
207 2.05 2.07 ± 0.09 
 
